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I 

INTRODUCTION 

Recent developments have persuaded me that we may be doing the current 
generation of graduate students in chemistry a disservice by our failure to 
transmit to them a better knowledge of the background of our science. At 
one time there were many more graduate courses. These were presented 
more leisurely and there was time to discuss how major developments had 
arisen, as well as stories of individual chemists, their difficulties in getting 
started, and the methods used to overcome the experimental difficulties they 
faced. This historical background provided a valuable asset for the new 
generation of students facing similar problems. 

Unfortunately, this background is no longer an accepted part of graduate 
education. The rapid pace of chemical developments in the past two decades 
has resulted in major changes in the nature of graduate education in 

* Based upon the Roger Adams Award Address to the Division of Organic Chemistry of 
the American Chemical Society in Ann Arbor, Michigan, June 15, 1971. 
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chemistry, changes which have had the effect of squeezing such historical 
background from the program. There are few courses and very little, if any, 
time is devoted to acquainting the student with historical background. 
Instead, the emphasis is placed on self-education of the student through 
reading the current literature. Consequently, many of our younger col¬ 
leagues are lacking the kind of historical perspective that was an accepted 
part of the education of chemists of earlier generations. 

As I have observed the current scene, it has seemed to me that this 
failure to transmit previous experience is having a particularly serious 
impact on the current group of chemists now beginning their careers. They 
are appalled by the current difficulties in obtaining positions or in raising 
adequate research funds, difficulties that were accepted as normal by 
chemists in the past. If these new graduates cannot obtain all the equipment 
they would like, they become discouraged. They fail to recognize that many 
chemists have faced this problem previously and have utilized their 
imagination to achieve major advances with inadequate equipment. 

Consequently, I was especially receptive to the invitation from the 
Editors of Advances in Organometallic Chemistry to write an historical 
review of our researches involving boranes in organic chemistry. Perhaps we 
will witness a renewed effort to acquaint the student with the historical 
background so that he can face the problems of the present and the future 
with a greater confidence based upon some knowledge of how these 
problems were faced and often overcome by earlier workers. 

I recently included much of this personal background in the Roger 
Adams Award Address on which this chapter is largely based. However, 
space limitations made it impossible to include this personal background in 
the present chapter. 1 Consequently, I decided to review our research 
program in the borane area over the past 35 years with emphasis on the 
factors which led us to each new development. 

There is often a feeling in the young that most of the important things in 
chemistry have already been discovered and explored. I felt that Way in 
1938, when I received my own degree. As a result of my own experiences, I 
have altered my position. Perhaps this discussion of our research program 
over the past 35 years will help persuade others of the validity of my present 
belief that we are surrounded by major new areas awaiting discovery. 

1 However, I have attempted to do so in a book under the same title, Boranes in Organic 
Chemistry, Cornell University Press, Ithaca, New York, 1972. 
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II 

DIBORANE AS A REDUCING AGENT 

I began graduate studies at the University of Chicago in 1936. At that 
time, the structure of diborane was a subject of considerable study and 

H H H H 

H:B?B:H H:b:b:h 

H H H H 

speculation ( 1 ). The late Professor H. I. Schlesinger was studying the 
reactions of diborane in the hope of obtaining information that would 
throw light on the problem of the structure. At the time I began, the 
synthesis of borane-carbonyl had just been completed (2). There was 
i (BHj) 2 + CO ^ HjB:CO 

discussion as to whether borane-carbonyl was best represented as a simple 
addition compound, or whether the reaction involved migration of a hydride 

H H H 

H:BlC: ::0+: or H:B:C::0: 

H 

moiety from boron to carbon. It was suggested that I undertake a study of 
the reaction of diborane with aldehydes and ketones in the hope the results 
would contribute to a decision as to the structure of borane-carbonyl. 

I soon discovered that simple aldehydes and ketones react rapidly with 
diborane at 0° C. Hydrolysis then produces the corresponding alcohol. 

2 R 2 C=0 + i(BHj) 2 -► [R 2 CHO] 2 BH 

| Hj ° 

2 R 2 CHOH + H 2 + B(OH)j 

My thesis was completed in 1938 and the results were published in 1939: 
Hydrides of Boron. XI. The Reaction of Diborane with Organic Compounds 
Containing a Carbonyl Group (J). 

Interest in this development among organic chemists was minimal. 
Diborane was a chemical rarity at the time, available only in milligram 
quantities through complex procedures. 
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III 

VOLATILE COMPOUNDS OF URANIUM 

This situation was altered late in 1941 as a result of pressures engendered 
by World War II. Professor Schlesinger was asked by an agency of the 
Government to undertake a research program on the preparation of new 
volatile compounds of uranium. I had become his research assistant in 1939, 
so I became associated with this program. 

Originally we undertook to prepare uranium(IV) acetonylacetonates and 
related derivatives. Indeed, the hexafluoroacetonylacetonate possessed 

Hcf )U MW 1066 

^C=0' J 7, 

F 3 C^ 

promising characteristics. However, when we happily reported this develop¬ 
ment the blow came. We were informed that there was a little requirement 
of which we had not been informed previously. It was necessary that the 
compound have a low molecular weight, preferably not higher than 238! 
Clearly this approach was not practical. 

Just prior to this time aluminum borohydride (4) and beryllium boro- 
hydride (5) had been prepared in our laboratories. These are the most 

Be(BH,)j A1(BH 4 ) 3 

volatile known compounds of beryllium and aluminum. Accordingly, it was 
decided to undertake the preparation of uranium borohydride, U(BH 4 ) 4 . 

In the usual high-vacuum apparatus I placed aluminum borohydride onto 
a sample of uranium tetrafluoride. I observed an immediate reaction, with 
formation of green crystals which could be moved about the vacuum 
apparatus. As it happened, on the very day I was performing the synthesis, 
we had a visit from Professor H. C. Urey, who was in charge of the overall 
study. He immediately asked us to increase our research effort and undertake 
to prepare uranium tetraborohydride on a relatively large scale, adequate for 
testing. 
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IV 

THE ALKALI METAL HYDRIDE APPROACH TO DIBORANE 

At this time the only known routes to diborane were that introduced by 
Stock involving hydrolysis of magnesium boride ( 1 ) and that developed by 
Schlesinger and Burg involving the reaction of boron trichloride with 
hydrogen in the silent electric discharge (6). These methods made diborane 
available in relatively small quantities, inadequate for our requirements in 
synthesizing uranium(IV) borohydride in the desired quantity. Conse¬ 
quently, we were forced to consider new approaches. 

We soon discovered that lithium hydride would reduce boron trifluoride 
in ethyl ether solution to give diborane (7). 

6 LiH + 8 BF 3 :OEt 2 (BH 3 ) 2 + 6 LiBF 4 

Lithium hydride added diborane to form lithium borohydride (7). 

Et z O 

LiH + i(BH 3 ) 2 -► LiBH 4 

Lithium borohydride reacted with aluminum chloride to produce aluminum 
borohydride (7). 

AICi 3 + 3 LiBH„ Heat ->- A1(BH 4 ) 3 | + 3 LiCl 

Finally, uranium borohydride could be produced by the method we had 
originally used (7). 

UF„ + 2A1(BH 4 ) 3 U(BH 4 ) 4 + 2A1F 2 BH 4 

This was obviously a major improvement over the original procedure, 
which involved many more steps, some of them quite difficult. We happily 
reported this improved synthesis and undertook to use it to produce 
uranium(IV) borohydride for large-scale testing. 

We were then informed that lithium was in very short supply and could 
not be used on a commercial scale. On the other hand, the supply of sodium 
was ample. Consequently, we had to find a route through sodium hydride. 

Unfortunately, the same reactions failed to proceed with sodium hydride. 

6 NaH + 8 BF 3 :OEt 2 Et2Q -> No reaction 

EtjO 


NaH + i(BH 3 ) 2 


No reaction 
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These reactions proceed nicely in diglyme or tetrahydrofuran (8), but these 
solvents were not available at that time. 

A new compound, sodium trimethoxyborohydride, solved the problem. 
NaH + B(OCH 3 )j -» NaBH(OCHj)j 

This compound was very active and achieved the desired reactions without 
any solvent. 

6NaBH(OCHj)j + 8BF 3 :OEt 2 — (BH 3 ), + 6B(OCH 3 ) 3 + 6NaBF 4 + 8Et 2 0 
NaBH(OCH 3 ) 3 + J(BH 3 ) 3 - NaBH 4 + B(OCH 3 ) 3 
A1C1 3 + 3NaBH 4 - Al(BH 4 ) 3 f + 3NaCl 

At this time it was reported to us that the problems encountered in the 
use of uranium hexafluoride had been overcome, so there was no longer any 
need for other volatile compounds of uranium. 


V 

ALKALI METAL BOROHYDRIDES 

At this point (1943) we were visited by representatives of the Signal 
Corps. They had learned through our reports that we had a new chemical 
that might be used for the field generation of hydrogen. They felt that their 
present method, based on the reaction of alkali with ferrosilicon, was 
cumbersome and they were seeking a more convenient hydrogen source. 

We pointed out that sodium borohydride on a weight basis should be far 
more efficient than sodium hydroxide and ferrosilicon. Although we had 
never used it for hydrogen generation, we had no doubt that it would be 
similar to diborane in reacting readily with water to liberate hydrogen. They 
asked for a demonstration. 

I placed a weighed quantity of sodium borohydride in a flask and attached 
it to a dropping funnel which contained water. The outlet from the flask was 
connected to a gas meter. The entire assembly was placed behind an 
explosion screen, since I did not know how violent the reaction might be. 

With Professor Schlesinger and all of the representatives watching me 
from a safe distance, I cautiously reached behind a screen and turned the 
stopcock to allow water to flow onto the borohydride. 

The borohydride dissolved and the solution sat there merely looking 
at me! 
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This was one of the great shocks of my life and was the way we discovered 
that sodium borohydride possesses a remarkable stability (for a simple 
boron-hydrogen compound) in water. 

Fortunately, the Signal Corps was persuaded to support research to find 
improved methods of preparing sodium borohydride and catalysts to 
facilitate its solvolysis. We soon discovered that sodium borohydride could 
readily be prepared by treating sodium hydride with methyl borate at 250° C. 

4 NaH + B(OCH 3 ) 3 25 °° C > NaBH„ + 3 NaOCHj 

Then we discovered that the addition of 2% of a cobalt salt to pellets of 
sodium borohydride caused rapid hydrolysis with liberation of hydrogen. 

We needed a solvent to separate sodium borohydride from sodium 
methoxide, concurrently produced in the synthesis. This led to a search for 
solvents for sodium borohydride. Among the solvents tested was acetone. 
A vigorous reaction ensued upon addition of the sodium borohydride, the 
active “hydride” disappeared, and analysis revealed the presence of 4 moles 
of isopropyl alcohol per mole of sodium borohydride introduced. 

NaBH 4 + 4(CH 3 ) 2 CO -► NaB[OCH(CH 3 ) 2 ] 4 

|h 2 o 

4(CH 3 ) 2 CHOH + NaB(OH) 4 

In this way we discovered that sodium borohydride was a valuable 
reagent for the hydrogenation of organic molecules! 

Sodium borohydride has been manufactured commercially by this 
process for many years. It is of interest that a chemical discovered in the 
course of war research has found its chief application in the manufacture of 
pharmaceuticals. 


VI 

MOLECULAR ADDITION COMPOUNDS AND STERIC 
STRAINS 

At this time, steric effects were in low repute. In the words of a textbook 
published in 1942 (9), “... steric hindrance is the last refuge of puzzled 
organic chemists.” It appeared that study of the stabilities of addition 
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compounds of borane derivatives with amines might provide quantitative 
data to allow a decision as to the importance of steric effects. 

Data, such as those in the tabulation for a group of related pyridine bases, 
provided convincing evidence (10). 



0 

„x> 

n 

HjC^N^'CHj 

P K. 

5.17 

5.97 

6.75 

AH, CH3SO3H 

17.1 

18.3 

19.5 

AH, i(BH 3 ) 2 

20.2 

19.7 

16.4 

AH, BFj 

33.3 

31.6 

25.8 

AH, BMe, 

21.4 

16.1 

No reaction 

(AH ii 

r> kcal/mole i 

n nitrobenzene solution) 


Results with triethylamine and quinuclidine also favored a steric 
interpretation (11). 


HjC'' | x CHj 
CH 3 


AH = 17.6 




HjCs^/CH, 
zN x .CHj 

H,C | CH 2 
/ CHj 
HjC \ 

CHj 

~10 


o 


At the present time, steric effects once again play an accepted role in 
interpretations of organic chemistry (12, 13). 


VII 

STERIC ASSISTANCE IN SOLVOLYSIS 

These studies on steric assistance (12) led to a detailed consideration of the 
possible role of steric effects in a wide variety of systems, such as steric 
effects in displacement reactions (10, 14), steric effects in elimination 
reactions (15,16), steric effects in alicyclic systems (17), and steric effects in 
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aromatic substitution (18,19). One area we considered was the role of steric 
effects in the solvolysis of highly branched tertiary halides (12). 

It was suggested that three alkyl groups attached to a central carbon 
atom would be strained because of steric crowding (20). Such strains would 
be relieved during ionization to form the less strained planar carbonium ion. 


Tetrahedral, strained Planar, less strained 

This proposal was tested in a number of systems, such as the following. 


The concept appeared to be widely accepted. Consequently, we left this area 
for other studies. 


VIII 

THE NONCLASSICAL ION PROBLEM 

Beginning in 1951, there appeared in the literature an alternative 
explanation, a-participation, for enhanced rates of solvolysis of highly 
branched derivatives (21, 22). 
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OTs 

CO - 00 

It was puzzling to me that the phenomenon appeared to be important 
chiefly in strained systems, systems where steric effects could also be 
involved. 

There was general agreement that the norbornyl system provided the best 
example for such u-participation leading to the formation of u-bridged ions. 
A detailed study of such systems was undertaken. One approach was the 
synthesis of stabilized tertiary norbornyl derivatives. Such tertiary norbornyl 
cations must be classical—a stabilized cationic center should not be capable 
of demanding electronic contributions from the a-electrons of a carbon- 
carbon bond. Yet 2-anisylnorbornyl exhibits properties similar to those of 
the parent norbornyl derivative, such as high exo/endo rate ratio and high 
exo/endo product ratio (23, 24). 


A 


k, at0 


Consequently, these must be the properties of the norbornyl system, 
rather than a consequence of u-participation under solvolytic conditions. 

The ^m-dimethyl substituents in the 3-position of 2-anisylcamphenilyl 
result in a major increase in the exo/endo rate ratio. This can only be a steric 
phenomenon. The results with the trimethylnorbornyl derivatives supports 
the importance of steric effects in this rigid system (25, 26). 



*..d. 


6.1 


885 


3,630,000 
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It is of interest to point out that the original three proposals for enhanced 
rates due to w-participation have been withdrawn. 


IX 

SELECTIVE REDUCTIONS 

Lithium aluminum hydride is an exceptionally powerful reducing agent, 
whereas sodium borohydride is a mild one. We undertook to develop a 
family of reducing agents with capabilities between these extremes (27-30). 

NaBH 4 < LiBH 4 < Mg(BH 4 ) 2 < A1(BH 4 )> 
increasing reducing power 


LiAlH(OtBu)j < LiAlH(OMe)j < LiAlH 4 
decreasing reducing power 


Then we established that borane and its derivatives are “acidic” reducing 
agents (31-34), in contrast to the “basic” reducing agents, the complex 
hydrides. 


“Basic” 

“Acidic” 

mbh 4 

BH 3 

MBH(OR), 

BHClj 

MBHRj 

BHRj 

MA1H 4 

AIHj 

MAlH(OR) 3 

AIHCIj 

MAIHRj 

AIHRj 


We can now do many selective reductions of one group in the presence of 
a second, or vice versa (28). 


I (CH 3 ) 3 CCHO ' 
1 CljCCHO 


NaBH, 


LiBH 4 


NCC 6 Hj 

ro 2 cc 6 h 5 
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Many interesting reductions are now possible, as indicated in the 
following reactions (28): 


RCOCl 

RCN 

RCON(CH 3 ) 2 



LiAlH(OtBu)j 


LiAlHCPCzHah 


LiAIH(OC;Hj)i 


RCHO 

RCHO 

RCHO 



^ch 2 c=o 
'^ch 2 


Sia,BH 


,ch 2 cho 

HjCv 'CH 2 OH 


The chief difficulty is that of educating chemists to do quantitative work 
with hydrides and to use the reagent most applicable for the desired 
transformation. 


X 

HYDROBORATION 

Perhaps the most valuable result of this study (35, 36) of new reducing 
agents was the discovery of hydroboration. It arose from the following 
discrepancy (35). 


“Hydride” used from 
AlClj -3 NaBH, in diglyme 

Aldehydes 

1.0 

Ketones 

1.0 

Acids 

2.0+ 1.0 Hjf 

Esters 

2.0 

Ethyl acetate 

2.0 

Ethyl stearate 

2.0 

Ethyl oleate 

2.37 
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Examination of this “anomaly” revealed that the carbon-carbon double 
bond was also reacting, producing a carbon-boron bond with loss of an 
equivalent of hydride. 

Research soon revealed that diborane in ether solvents reacts readily with 
olefins ( 37 ), acetylenes ( 38 ), dienes ( 39 ), etc. 

II / 11^ 

C=C + H—Bf -*• H—C—C—B. 

II II 

The reaction is quantitative and practically instantaneous ( 35 ). 

HjC CH, CH, 

3 HC=CH + BH, -*■ CH,CH 2 CH—) 3 B 

Practically all unsaturated compounds, even highly hindered olefins, 
react ( 40 ). 

HjC <j:H, HjC CH, 

C=C + BH, -► H—C—C—BH 2 

II II 

H,C CH, H,C CH, 

The addition is predominantly anti-Markovnikov ( 41 ). 

3RCH=CH 2 + BH, -► RCH 2 CH 2 94% 

B 

/ \ 

+ RCHCH, 6% 

B 

/\ 

The addition is cis ( 45 ). 



The addition takes place preferentially from the less hindered side of the 
double bond ( 42 ). 

/h — 

99.5% exo 
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No rearrangements of the carbon skeleton have been observed ( 43 ). 

gb - 6b' K - gb'“ 

Many functional groups can tolerate hydroboration ( 44 - 46 ). Thus, for 
CH 2 =CHCH 2 C0 2 R -► ^ B —CH 2 CH 2 CH 2 C0 2 Et 

ch 2 =chch 2 cn -► >B—ch 2 ch 2 ch 2 cn 

CH 2 =CHCH 2 C1 -► ^B—CHjCH 2 CH 2 C1 

the first time the organic chemist has readily available organometallics 
containing functional groups. This promises to have a revolutionary 
influence upon synthetic procedures in organic chemistry. 


XI 

THE VERSATILE ORGANOBORANES 

The ready availability of organoboranes next prompted a detailed 
exploration of their reactions, with emphasis on reactions of utility in 
synthesis. This exploration proved to be remarkably fruitful—it is clear that 
the organoboranes are the most versatile organometallic available to the 
chemist ( 47 , 48 ). 

Even though our program in this area is relatively young, with serious 
research being initiated only five years ago, the results can no longer be 
adequately treated in a brief review. Consequently, I can only attempt to 
indicate the scope of the developments by listing the topics discussed in a 
recent review ( 48 ). 

(A) Partially Alkylated Boranes (35, 49) RBH 2 , R 2 BH 

(B) Isomerization (35) R—B^ - * R'—B ^ 

(C) Displacement (35) RCH 2 CH 2 bC + R'CH=CH 2 t 


rch=ch 2 + r'ch 2 ch 2 b: 
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(D) Contrathermodynamic Isomerization 

(E) Cyclization (JO) 

(F) Protonolysis (JI) 

(G) Halogenolysis (52, 53) 

(H) Oxidation (0 2 ) (54) 

(I) Oxidation (H 2 0 2 ) (35) 

(J) Oxidation (H 2 Cr0 4 ) (35) 

(K) Amination (55) 

(L) Metalation (56) 

(M) Coupling (57) 


\ _ 

ChT^HB— — CH^B— 

R—B^ -* R—H 

R—B^ -f RX 

r—b^ -* ro 2 : 

/ 

ro 2 h roh 

R—B^ -* ROH 

r 2 cC H ^ -*■ R 2 co 

bC 

R—bC -* RNH 2 

R—bC -*■ RM 

2 R—Bd -*■ R—R 


(N) Cyclopropane Synthesis (58) ^ BCH 2 CH 2 CH 2 X 

(O) Carbonylation to Aldehydes (59,60) R— B^ 

(P) Carbonylation to Ketones (59) ^ — 

(Q) Carbonylation to Tertiary Alcohols (59) R 3 B 



RCHO 

R 2 CO 

RjCOH 


(R) Alkylation and Arylation (61, 62) 



(S) Conjugate Additions (63) 


R—B 


RCH 2 CH 2 CHO 


S?\ 
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The following transformations indicate some of the new possibilities for 
synthetic work ( 58 , 60 , 64 - 66 ). 


CH 2 =CHCH(j:H 2 
Cl Cl 




CH 2 =CH(CH 2 ),C0 2 R 


hcch 2 ch 2 (ch 2 ),co 2 r 


(CH 2 ) 2 C=CH 2 + ch 2 =chch 2 co 2 r 


(CH 3 ) 2 CHCH 2 CCH 2 CH 2 CH 2 C0 2 R 



CH,CHj x 
CHjCH 2 —B 


ch 3 ch 2 

I 

CHjCOH 


CH jCH 2 


ch 3 ch 2 


Only a few years have passed since we initiated our systematic survey of 
the reactions of organoboranes. Optimistic as I was at the time this explo¬ 
ration was initiated, I must admit my own surprise at the immense amount 
of promising new chemistry that our studies have uncovered. 

We have been fully occupied by our explorations. There has been no 
attempt as yet, in our laboratories or in others’, to apply the chemistry to the 
synthesis of natural products or pharmaceuticals; there has been no attempt 
to utilize the chemistry for industrial requirements, nor has there yet been 
any systematic effort to develop the physical organic aspects of this area. All 
that is still before us. Another major task before us is that of educating 
students in the experimental methods and techniques of this area of 
chemistry so that they will not hesitate to apply these fascinating new 
methods. Clearly we have uncovered a new continent, only partially 
explored. It will require a major effort on the part of many chemists to 
continue the exploration and to apply the chemistry for the benefit of 
mankind. 
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Finally, I wish to make the point that I was invited to review the results of 
my own group in this chapter. Many other workers have made important 
contributions to the organoborane area in recent years. However, progress 
even within my own group has been so rapid that I could not include all of 
our own developments in this review. Consequently, I must.apologize to 
other authors for having restricted this chapter primarily to the topics that 
have occupied the attention of my students and associates. Fortunately, in 
my recently published Baker Lectures, Boranes in Organic Chemistry 
(Cornell Univ. Press, Ithaca, New York, 1972) it has been possible to 
provide a fuller, more complete treatment. 


XII 

CONCLUSION 

In this review I have traced the experiences of my research associates and 
myself as we explored the role of boranes in chemistry. Initially diborane 
was a very rare substance, made in milligram quantities in only a few 
laboratories throughout the world and explored purely for its scientific 
interest. 

War research forced us to explore new synthetic routes and we discovered 
the alkali metal hydride route to diborane. This solved the synthetic prob¬ 
lem. At the same time we discovered sodium borohydride and developed 
simple synthetic methods for its preparation and manufacture. 

The search for solvents led to the discovery that sodium borohydride is an 
excellent reducing agent for aldehydes and ketones. The search for catalysts 
to enhance the reducing power of sodium borohydride led to an anomalous 
result in the reduction of ethyl oleate. Investigation of this anomalous 
result led to the discovery of hydroboration. 

Hydroboration made the organoboranes readily available for the first 
time. This led to a systematic exploration of the chemistry of the organo¬ 
boranes and established the fact that they constitute the most versatile 
organometallic available presently. A major new area awaits exploration and 
application. 

On the theoretical side, study of the dissociation of addition compounds 
of amines with trimethylborane, boron trifluoride, and borane provide a new 
quantitative approach to steric strains. These studies quickly removed 
doubts as to the importance of steric effects in chemical behavior. 
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These studies led to the study of related carbon compounds and to the 
establishment of steric effects as an important factor in their behavior. 

One phase of these studies involved steric assistance to ionization in 
highly branched tertiary halides and related derivatives. This concept was 
tested and fully supported by a number of studies. 

An alternative explanation for the enhanced Tates made its appearance. 
It was proposed that a-participation in certain nonclassical ions provided a 
more satisfactory interpretation. This stimulated a detailed study of the 
norbornyl system, considered to provide the best available case for such 
nonclassical carbonium ion intermediates. The results failed to confirm the 
presence of significant <T-participation and supported the conclusion that 
the phenomena must be largely, if not entirely, steric in origin. 

Consequently, these studies of boranes have led us into many areas, both 
theoretical and practical. There is no evidence that it is any more difficult 
now than it was 35 years ago to uncover interesting new areas of study. 
Indeed, our experience indicates the reverse to be true. I can only advise 
those beginning a research career that it has been my experience that 
optimism is an essential ingredient of fruitful exploratory research. 

In the Introduction I pointed out that I believe we have been doing our 
students a disservice in divorcing them so severely from knowledge of the 
past. I hope that this review will contribute to a modification of this 
situation. 

Finally, I wish to acknowledge the major contributions of a remarkable 
group of students and research associates who have contributed to this 
program. In a review of this kind, covering fully 35 years of research, it was 
possible to mention only some of the high spots and to make reference to 
only a fraction of their publications. I hope I have made amends to the 
others in my recently published book (67). 
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INTRODUCTION 

The field of transition metal complexes of isocyanides developed slowly 
over more than a century to a respectable subarea in coordination chemistry, 
and in the process seems to have attracted very little attention. Even the 
remarkable resurgence of transition metal organometallic chemistry in 
the last 20 years, and the realization that isocyanides and carbon monoxide 
should be quite similar as ligand groups in organometallic complexes, did 
not initiate an extensive development of this area of chemistry. Only in the 
last several years has this potentially important subject begun to receive the 
attention it would seem to deserve. 

No doubt, the publication of an excellent monograph several years ago has 
caused some attention to be focused on this subject. Malatesta and Bonati 
(90) have carefully reviewed the subject of isocyanide-transition metal 
21 
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complex chemistry from its early origins with the alkylations of metal cyan¬ 
ides to more recent studies on ligand reactions. Because this monograph 
provides an adequate review of this field up to about 1967, an extensive 
historical and background review is not necessary here and will not be 
presented. Instead, this article will concentrate on work which has evolved 
since that date; this, needless to say, is substantial due to the rapid evolution 
of this field. 

While on the subject of reviews, attention should also be directed to a 
very recent collection of articles on isocyanide chemistry edited by Ugi (156). 
This volume is oriented somewhat toward the organic chemistry of iso¬ 
cyanides, but not with the complete exclusion of metal complexes of these 
species; one is directed in particular to the chapters by Vogler (Chapter 10) 
on coordinated isocyanides and by Saegusa and Ito (Chapter 4) on a- 
additions to isocyanides. These latter reactions are often catalyzed by 
copper(I) compounds and occasionally by other metal complexes as well, 
and it is believed that this catalysis is accomplished by intermediate forma¬ 
tion of metal isocyanide complexes. 

There is a 1968 review of metal isocyanide complexes in Japanese ( 122); 
this is not generally accessible, however. 

The subjects of structure and bonding in metal isocyanide complexes 
have been discussed before (90, 156) and will not be treated extensively 
here. A brief discussion of this subject is presented in Section II; of course, 
special emphasis is given to the more recent information which has appeared. 
Several areas of current study in the field of transition metal-isocyanide 
complexes have become particularly important and are discussed in this 
review in Section III. These include the additions of protonic compounds 
to coordinated isocyanides, probably the subject most actively being studied 
at this time; insertion reactions into metal-carbon bonded species; nucleo¬ 
philic reactions with metal isocyanide complexes; and the metal-catalyzed 
a-addition reactions. Concurrent with these new developments, there has 
been a general expansion of descriptive chemistry of isocyanide-metal 
complexes, and further study of the physical properties of selected species. 
These developments are summarized in Section IV. 

Common abbreviations are used in this article, and are defined below. 

CNR An alkyl (or cycloalkyl) isocyanide 

CNAr An aryl isocyanide 

Me Methyl 
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Et 

Ethyl 

Cy 

Cyclohexyl 

Ph 

Phenyl 

Bu 

Butyl 

Bu f 

tert -Butyl 

tol 

/>-Tolyl 

phos 

Phosphines, PR 3 

L 

Ligand (unspecified) 

diphos 

l,2-Bis(diphenylphosphino)ethane 

M 

Metal (unspecified) 


II 

STRUCTURE AND BONDING 

The valence-bond pictures for an isocyanide and carbon monoxide, and 
for metal complexes of these ligands, emphasize the similarities of both the 
ligands and their complexes. 

£c=Ox * C=N—R 


m «- 0=0 x «-» m=C=0 x m «- C=N— R <-► m=C=N ^ 

The metal-ligand bonding can be viewed as the sum of a <r-bond, involving 
donation of the lone pair of electrons on carbon to the metal, and a 77-bond, 
in which metal electrons are transferred to 77* (w C q or 77 C n) antibonding 
orbitals on the ligand. The a- and 77-bonds reinforce each other; the net 
effect is a multiple metal-carbon linkage; and at the same time a lowering of 
the carbon-oxygen or carbon-nitrogen bond order is predicted, the magni¬ 
tude being related to the extent of the 77-contribution to bonding. 

This simple picture of bonding is convenient to use, and often completely 
acceptable. However, it does lack sophistication and may not be used to 
explain some of the subtleties of these systems. One obvious point in this 
regard concerns infrared spectral data. Coordination of carbon monoxide to 
a metal invariably leads to a lower carbonyl stretching frequency ( v co ), 
implying a lower CO bond order as predicted. However, the values for v CN 
may be considerably higher for metal complexes of an isocyanide than are 
the values for the ligand itself. The valence-bond picture cannot rationalize 
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an increase in y CN . There is also the weight of a considerable amount of 
descriptive chemistry to suggest that carbon monoxide and isocyanides 
must be substantially different as ligands. Thus, metal-isocyanide complexes 
with the metal in a low-valent (0, —1) state are quite uncommon, in contrast 
to the wide variety of carbonyl complexes known; whereas isocyanide 
complexes of metals with higher valencies (+1, +2) are reasonably common 
in comparison to analogous carbonyl species. The implication here is that 
carbon monoxide is better able to stabilize low-valent complexes than are 
isocyanides; however, one hastens to note that “ability to stabilize” is not 
adequately defined either here or elsewhere. 

The valence-bond picture does not adequately express a difference 
between various isocyanides. There are interesting differences between 
alkyl and aryl isocyanides, discussed below. 

Generally, v CN is shifted to higher frequencies in metal isocyanide com¬ 
plexes in higher oxidation states, and to lower frequencies for low-valent 
systems. This observation is in accord with the valence-bond picture. For 
the higher-valent species a-bonding from ligand to metal predominates. 
The 77 -bonding becomes increasingly important in the low-valent systems 
where the negative charge on the metal is greater; with increased 7r-bonding 
a shift of v CN to lower frequency is expected. 

Incidentally, isocyanides are polar (for CNC 6 H 5 the dipole moment is 
3.44 D) and they are good bases (vs. BR 3 , H + ), whereas CO is a poor base; 
hence isocyanides can function as ligands in metal complexes where carbon 
monoxide does not. The scarcity of low-valent isocyanide complexes is less 
easily explained, however. Arguments involving 77 -acceptor capacity are 
quite inappropriate. More data on low-valent species, and evaluations of 
stabilities, modes of decomposition, and reactions are desirable. 

A simple molecular orbital picture (using, e.g., an ML 6 + " species for 
convenience) may be constructed by first looking at the appropriate ligand 
(CO or CNR) orbitals, i.e., the carbon lone pair and the tt C q or v c ^ orbitals, 
and then evaluating the appropriate metal-ligand bonding. The paper by 
Caulton and Fenske (35) on metal carbonyl bonding provides a good basis 
for this discussion. 

Caulton and Fenske began with a molecular orbital diagram for CO 
(see Fig. 1). The two orbitals of interest here are, of course, the 5cr- and 
27r-orbitals. The 5<r-orbital, assumed in valence-bond theory to be a carbon 
orbital, has in reality a small contribution from oxygen also (5cr = 0.664 
2s c -|- 0.059 2s° - 0.664 2p c — 0.364 2p°). One can see from the choice of 
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CO CNR 

Fig. 1. MO descriptions for CO and CNR (not to scale). CO: (lc) 2 (2c) 2 (3c) 2 (l7r) 4 (4c) 2 - 
(So) 2 ; CNR: (IcO W) J (3o') W) 4 (4c') J (5o') 2 . From Caulton and Fenske (35). 

coefficients that this orbital is somewhat antibonding with respect to carbon 
and oxygen. In bonding to a metal, if electrons are donated from this orbital 
to the metal, the carbon-oxygen antibonding contribution will be decreased 
and the CO bond order and the CO frequency raised accordingly. At the 
same time 7r-bonding, involving delocalization of electrons into the 2 it 
(it*) ligand orbitals, would decrease the CO bond order and also v co . Thus 
a- and 7r-bonding have opposite effects on the CO bond order and CO 
stretching frequency. In low-valent metal carbonyl species, the metal-ligand 
7r-bonding is substantial and the shift of v co to lower frequencies is antici¬ 
pated and observed. 

The same model could be applied to metal isocyanide complexes. For the 
isocyanide ligand one can propose an orbital diagram similar to CO (Fig. 1) 
except that 4tr in the CO system is now a bonding orbital between nitrogen 
and the R group. The orbitals to be used in bonding to a metal are 5 a' and 
277 '. Lacking calculations, it is difficult to compare energies for those orbitals 
with energies of 5tr and 277. However, knowing something of the results 
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expected, one might predict both 5 a' and 2 it to be at higher energy than 
5 a and 2n for a carbonyl. This would make the isocyanide a better donor 
and a poorer acceptor than CO. 

Note that this picture would have to be adapted still further to take into 
account the nature of the R group in RNC. 

Finally, one might approach the bonding in an M(CNR) 6 n+ complex in a 
different fashion, by looking first at M(CN) 6 n-6 , and evaluating the effect of 
adding six R + groups to the system (133). 

Coordination to an isocyanide can either raise or lower the value of r CN 
depending on the relative contributions of a- and 7r-bonding. These contri¬ 
butions are dependent on metal orbital energies, which are influenced by 
oxidation state and by other ligands present. 

One might observe in passing that the valence-bond picture for iso¬ 
cyanide-metal bonding suggests that with increasing ^-donation to the 
ligand the C—N—C angle will decrease from 180°. This appears not to be 
commonly observed; in those complexes whose structures are known an 
approximately linear arrangement of atoms is found. In explanation, one 
can observe that this nonlinearity will result only if 77 -bonding would occur 
preferentially to one of the two degenerate 77*-orbitals. Equivalent retrodat- 
ive ^-bonding to both 7r*-orbitals would be cylindrically symmetric and 
would not be expected to have any effect on this geometry. 

One additional point should be discussed here, concerning the substantial 
emphasis that has been placed on the differences between alkyl and aryl 
isocyanides. It has been suggested, primarily on the basis of infrared 
evidence, that aryl isocyanides are better 7r-acceptors than alkyl isocyanides 
(90). Qualitatively this difference is easily rationalized. One can see that 
delocalization of charge into 7r*-orbitals on an aryl ring in aryl isocyanide- 
metal complexes should be possible, whereas no such possibility exists for 
alkyl isocyanide-metal complexes; this means that aryl isocyanides should 
be better 7r-acceptors. Of course, the simple qualitative model gives one no 
measure of the relative importance of this effect. 

The infrared evidence bearing on this conclusion is reviewed by Malatesta 
and Bonati (90), and need not be presented here in detail. It is observed 
only that comparisons are made between the values of v co (or CO force 
constants) for series of analogous compounds such as Ni(CO) 4 _ x L x or 
M(CO) 6 _ x L, (M = Cr, Mo,W; L=CNR, CNAr, phos, etc.); also compari¬ 
sons are often made between the values of ^ for the free ligand and for the 
ligand bonded in a metal complex. Much of this work dates back over 
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ten years, and the interpretations made tend to overemphasize iT-bond- 
ing of the ligand and ignore any differences in o-bonding. The use of 
7r-bonding only in the interpretation of infrared data is not currently accept¬ 
able. In addition it is important to observe that the difference in v CO) or in 
Av cn for analogous complexes, is not generally large, so there is some 
question of the importance of this effect. 

More important than this, however, is the fact that until recently there 
have been no substantial differences observed in the chemistry of metal 
complexes of alkyl and aryl isocyanides. In general, the choice of which 
isocyanide to use seems to be made largely at random, dictated perhaps by 
convenience as much as any other factor. Lacking any substantial chemical 
differences between the two groups of complexes, one might wish to mini¬ 
mize, rather than emphasize, this comparison. However, several obser¬ 
vations have recently been made which seem to substantiate the earlier 
conclusion. 

Of particular interest is an electrochemistry study on related Mn(CNR) 6 + 
complexes, and on several carbonyl species (154). The one-electron oxida¬ 
tion process in acetonitrile (Mn(CNR) 6 + Mn(CNR) 6 2+ ) is substantially 

TABLE I 

Cyclic Voltammetric Data on Manganese(I) 

Isocyanide Species'- b 


Compound +1 -*■ +2 +2 -*■ 


[Mn(CNCH 3 ) t ]PF 6 

[Mn(CNC 6 H 4 OCH 3 ) 6 ]PF 6 

[Mn(CNC 6 H 4 CH 3 ) 6 ]PF t 

[Mn(CNC 6 H 5 ) 6 ]PF 6 

[Mn(CNC 6 H 4 CI) 6 ]PF 6 

[Mn(CO)(CNCH 3 ) 5 ]PF 6 

[Mn(CO)(CNC t H 5 ),]PF t 

[Mn(CO) 2 (CNCH 3 ) 4 ]PF t 

[Mn(CO) 3 (CNCH 3 ),]PF 6 

[Mn(CO) 4 (CNCH 3 ) 2 ]PF t 

[Mn(CO) 5 (CNCH 3 )]PF t 


0.38 1.54 

0.69 1.55 

0.76 1.69 

0.83 1.77 

0.89 1.79 

0.79 1.99 

1.11 2A5 d 

1.12 
1.65 
2.14' 

2.65‘ l 


* From ref. (154). 

6 One-half the sum of the cathodic and anodic peaks, in volts, 
vs. saturated calomel electrode (KC1). 
c Anodic peak not well defined. 

d Value of the cathodic peak; anodic peak not defined. 
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easier for the methyl isocyanide complex than for analogous aryl isocyanide 
complexes; E l/2 for the former process is 0.38 V vs. 0.83 V for the latter 
(Table I). Among the various substituted phenyl isocyanide complexes 
there was a smaller, though still substantial, difference. It would be attractive 
to relate the ease of oxidation to the electron-withdrawing ability of the 
ligand in the reactant alone, a higher positive charge on the metal making 
oxidation more difficult. However, this conclusion is not justified, as the 
ease of oxidation must involve an energy difference between reactant and 
product. 

Still, the ease of oxidation is obviously a property of considerable chemical 
importance. These differences require that the choice of aryl vs. alkyl iso¬ 
cyanides not be taken lightly. 

There are a few instances where there may be other chemical differences. 
For example, it has not yet been possible to prepare Cr(CNCH 3 ) 6 by the 
standard route, nor is it possible to prepare C 5 H 5 Mn(CNCH 3 )3 from 
NaCjHj and Mn(CNCH 3 ) 6 + , although the analogous phenyl isocyanide 
complex is formed in this type of reaction (112). One is tempted to attribute 
the failures to synthesize these low-valent species to the poorer electron- 
withdrawing ability of CH 3 NC; but, of course, such a conclusion, based on 
limited evidence (and on the nonexistence of these compounds) is premature 
at best, and perhaps unwarranted. The results do suggest a current challenge 
to chemists involved in synthesis, however. 


Ill 

CURRENT TOPICS 

A. Insertion Reactions into Metal-Carbon Bonds 
The insertion of a carbonyl group into a metal-alkyl or metal-aryl bond, 
and the reverse reaction involving decarbonylation of an acyl complex, have 
been studied from both the synthetic and mechanistic points of view. The 
mechanism proposed for this type of reaction seems well established and is 


R—M(CO), 


''X 

/ ,>M(CO).-,L 


0 ) 
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quite general [Eq. (1)]. This reaction has practical consequences; for ex¬ 
ample, it is believed to play a key role in the oxo (hydroformylation) process. 

It seems reasonable to expect that analogous reactions will occur with 
isocyanide-metal alkyl and aryl complexes. Migration of the organic group 
to the isocyanide would yield acylimino metal compounds. Such species, 
formally viewed as derivatives of ketonic (or acyl) complexes, would not be 
new, but most certainly are not very common, at least up to this time. 
Isolable acylimino-metal complexes have been reported from four distinct 
types of reactions. The isocyanide insertion reactions, discussed here, are 
one general route. A second route involves nucleophilic attack of organo- 
lithium species on certain cationic metal isocyanide complexes (Section 
III,B). Third, the reaction of CjHjFe(CO) 2 CH 3 and CF 3 CN is reported 
to give C 5 H 5 Fe(CO)(CF 3 CN)C(=NH)CF 3 ; and several derivatives of 
this complex are obtained by carbonyl substitution (83). Finally, there is a 
very recent report (84a) that rhodium (I) complexes will undergo oxidative 
addition reactions with compounds RC(=NR')C1 to give acylimino 
complexes. 

The work on insertion reactions of isocyanides was initiated by Yamamoto 
et al., and described in a communication in 1968 followed by a full paper a 
year later (164). This study described the reaction of C 5 H 5 Ni(PPh 3 )CH 3 
with several isocyanides, from which the products C 5 H 5 Ni(CNR)- 
{C(=NR)CH 3 } were isolated [Eq. (2)]. 

C,H 5 Ni(PPh 3 )CHj + 2RNC ->• PPh 3 + C 5 H 5 Ni(CNR){C(==NR)CH 3 } (2) 
(R = Cy, Bu,p-tol,/>-C 6 H 4 Cl) 

Presumably this reaction proceeds via substitution of phosphine by 
isocyanide, followed by migration of the alkyl group and addition of the 
second isocyanide. The intermediate was not isolated, however. Though 
thermally stable, these nickel complexes are moisture-sensitive, hydrolysis 
occurring with degradation of the complex and isolation of an amide. For 
example, from the product above (R = Cy), AT-cyclohexylacetamide was 
obtained. It is interesting to observe that this insertion reaction could not be 
extended to the analogous nickel-phenyl compound C 5 H 5 Ni(PPh 3 )C 6 H 5 . 
Reactions of this species with various isocyanides led instead to reduction 
[Eq. (3)]. 


C 5 H 5 Ni(PPhj)C 6 H 5 + RNC -> biphenyl + Ni(CNR) 3 PPh 3 (R = Bu') (3) 
[or Ni(CNR)„ (R = 2,6-dimethylphenyl] 
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Surprisingly, no reaction occurred between C s H 5 Ni(PPh 3 )C 6 H 5 and 
mesityl isocyanide, a result which the authors attribute to steric effects. 

The reason for the striking difference between methyl- and phenyl-nickel 
complexes is not obvious at this time. It does serve notice, however, that 
generalizations about these reactions may be tenuous at best, and suggests 
that ample evidence be accumulated before making any generalizations. 

Although C 5 H 5 Ni(PR 3 ){C(=NR)C 6 H 5 } complexes are unobtainable by 
the insertion reaction above, they can be prepared by nucleophilic attack of 
C 6 H 5 Li on [C 5 H 5 Ni(PR 3 )(CNC 6 H,,)] + (R = Ph, Et). 

Yamamoto and Yamazaki ( 166 , 167 ) have also carried out similar reactions 
with C 5 H 5 Mo(CO) 3 R complexes (R = CH 3 , CH 2 C 6 H 5 ; no reaction when 
R = CH 2 C1 or CH 2 CN). In reactions of both the methyl and benzyl com¬ 
plex with several isocyanides (R'NC = terf-butyl and 2,6-dimethylphenyl 
isocyanide) only a single product type was found ( 166 ). This had the formula 
C 5 H 5 Mo(CO) 2 (CNR')COR (R = CH 3 and CH 2 C 6 H 5 ); these complexes 
have a trans geometry in the solid state, but appear to be a cis-trans mixture 
in solution. The reaction to give these products is analogous to reactions of 
other ligands with alkyl and aryl complexes of this formulation. The benzyl 
complex, C 5 H 5 Mo(CO) 2 (CNR , )COCH 2 C 6 H 5 , decarbonylates on ultra¬ 
violet irradiation to give C 5 H 5 Mo(CO) 2 (CNR / )CH 2 C 6 H 5 , also an antici¬ 
pated reaction. 

Further reactions of CjH 5 Mo(CO) 3 CH 2 C 6 Hj, and of para-substituted 
benzyl metal complexes, and C 6 H,,NC were not so straightforward, 
however ( 167 ). Two products were obtained, the first analogous to that 
described above, the second having the formulation C 5 H 5 Mo(CO) 3 - 
{C(=NC 6 H, ,)CH 2 C 6 H 5 }. This latter complex exists as two isomers, arising 
due to the orientation of the R group, cis or trans to CH 2 C 6 H 5 , with respect 
to the carbon-nitrogen double bond. Interestingly, the percentage of this 
compound relative to C J H 5 Mo(CO) 2 (CNC 6 H 11 )COCH 2 C 6 H 5 increases 
with increasing electron-attracting power of the para-substituent on the 
benzyl group. 

The formation of the acylimino complexes in these reactions remains 
something of a puzzle. The quite attractive possibility that direct migra¬ 
tion of the benzyl group from CO to CNR occurs cannot be supported 
since C 5 H 5 Mo(CO) 2 (CNC 6 H n )COCH 2 C 6 H 5 cannot be converted to 
C 5 H 5 Mo(CO) 3 {C(=NC 6 H u )CH 2 C 6 H 5 } [Eq. (4)]. Yamamoto and Yama- 
C s H 5 Mo(CO) 2 (CNC 6 Hn)COCH 2 C 6 Hj -#-*■ 

C 5 H 5 Mo(CO) 3{C(==NC 6 H , ,)CH 2 C 6 H s } (4) 
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zaki suggest a direct insertion reaction, but such a reaction has no known 
precedent in carbonyl chemistry. The most likely alternative would involve 
a two-step conversion [Eqs. (5, 6)]. This suggestion could be checked 

CjHjMo(CO)2(CNC 6 H| ])COCH2C 6 Hj > 

C5H 3 M 0 (CO) 2 (CNC 6 H u )CH 2 C 6 H5 (5) 


C 5 HjMo(CO)2(CNC 6 H n )CH 2 C 6 H s 


C 5 H,Mo(CO) 3 C(=NC 6 H I ,)C H 2 C 6 Hj (6) 


relatively easily. The decarbonylation reaction is known to occur (166) 
(in one instance) but the second reaction has yet to be studied. 

Yamamoto and Yamazaki also suggest that the higher steric requirements 
of teri-butyl and 2,6-dimethylphenyl isocyanides determine the lack of an 
acylimino-nickel complex in their reactions with CjHjN^PPhjJCHj (166). 

Substantially more work has been done on reactions of square-planar 
nickel, palladium, and platinum alkyl and aryl complexes with isocyanides. 
A communication by Otsuka et al. (108) described the initial work in this 
area. These workers carried out oxidative addition reactions with 
Ni(CNBu‘) 4 and with [Pd(CNBu') 2 ]*. In a reaction of the latter compound 
with methyl iodide the complex, Pd(CNBu*) 2 (CH 3 )I, stable as a solid but 
unstable in solution, was obtained. This complex when dissolved in toluene 
proceeds through an intermediate believed to be dimeric, which then reacts 
with an additional ligand L (CNBu* or PPh 3 ) to give PdL(CNBu')- 
{C(CH 3 )=NBu , }I [Eq. (7)]. 


[Pd(CNBu') 2 ]* +CH>1 > Pd(CNBu') 2 CHjI-► 



(7) 


NBu’ 

CHjC 


(L = CNBu', PPhj) 


Bu'NC' 
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In the reaction of Ni(CNBu') 4 and methyl iodide oligomerization of the 
isocyanide was observed; the only isolable nickel complex was (I), shown 
below. This product is believed to arise through sequential insertions 
of three isocyanides into a nickel-carbon bond. Upon further treatment with 
additional isocyanide at a temperature greater than 60° C one obtains a 
polymer (RNC),, presumably through multiple isocyanide insertion 
reactions. The addition of benzoyl chloride to Ni(CNBu r ) 4 gave two isolable 
compounds Ni(CNBu‘) 3 (COPh)Cl (74%) and (II) (8.2%). This latter 
reaction, and the isolation of (II) in particular, suggests that the proposed 
mechanism for polymerization of isocyanides is reasonable. 




(i) (ii) 

Reactions of Pt(PPh 3 ) 2 (R)X (R = CH 3 , C 6 H 3 ; X = Cl, Br, I) and methyl 
isocyanide (144) and analogous reactions of Pd(phos) 2 (CH 3 )I (phos = PPh 3 , 
PPhMe 2 ) complexes with cyclohexyl isocyanide (169, 170) were reported 
about the same time. As might perhaps be anticipated, the platinum reac¬ 
tions were slower and one can isolate the intermediate species and observe 
their rearrangement to the inserted products [Eq. (8)]. The isolation of the 

PtL 2 (R)X + CNCHj , [PtL 2 (CNCHj)R]X 


PtL 2 {C(=NCHj)R}X (8) 

(L = PPh 3 ; 

R = CHj, X = Br, I; 

R = C t H 3> X = Cl, Br, I) 

ionic product, as a reaction intermediate, was quite remarkable in that few 
reactions of this general type give isolable products; rather an equilibrium 
favoring the reactants seems to be the general rule. However, this pattern 
of reactivity for isocyanides Pt(phos) 2 RX + RNC ->[Pt(phos) 2 (CNR)X]X 
seems quite general, with several other examples having now been cited 
(147). 
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It is interesting to observe that the product in the above reaction 
sequence will add another isocyanide ligand to give [Pt(PPh 3 ) 2 (CNCH 3 )- 
{C( = NCH 3 )R}]X but that this product does not further rearrange, at least 
under the relatively mild reaction conditions used (144). 

This work (144) failed in an attempt to extend this insertion reaction to 
the complex Pt(PPh 3 ) 2 (C 6 F 5 )Br; a weak 1:1 adduct with CNCH 3 was 
observed, which rearranged on reflux in benzene with dealkylation of the 
isocyanide giving Pt(phos) 2 (C 6 F 5 )CN (145). The failure of the insertion 
reaction to occur is perhaps not surprising though; insertion reactions of any 
sort have yet to be accomplished with fluorocarbon-metal complexes. 

The addition of cyclohexyl isocyanide to several palladium(II) methyl 
complexes has proven particularly interesting (169, 170). From 
Pd(PPh 3 ) 2 CH 3 I the products Pd(PPh 3 ) 2 {C(=NC 6 H n )CH 3 }I (III) and 
Pd(PPh 3 ) 2 {(C=NC 6 H u ) 2 CH 3 }I (IV) are obtained, using isocyanide :pal- 
ladium ratios of 1:1 and 2:1, respectively. The latter complex is, of course, 
the product resulting from insertion of two isocyanide groups into the 
metal-carbon bond; however, the former compound is not converted to the 
latter with excess isocyanide, so the origin of the latter appears somewhat of 
a mystery. Reacting <ra«$-Pd(PPhMe 2 ) 2 (CH 3 )I and CNC 6 H n in benzene 
at 0° C further compounds the problem as only the product Pd(PPhMe 2 ) 2 - 
{(C=NC 6 H,,) 2 CH 3 }I is obtained initially, but this may then be converted 
by excess isocyanide to Pd(PPhMe 2 ) 2 {(C=NC 6 H, ,) 3 CH 3 }I, (V) by yet an 
additional isocyanide insertion. 


I(PPhMe 2 ) 2 Pd 



(III) 


NC 6 H n 


I(PPhMe 2 ) 2 Pd C—CHj 

I 

C 6 H n 


(IV) 


N' 


-C # H„ 


I(PPhMe 2 ) 2 Pd 



I 

C # H„ 


^NC 6 H„ 

n ch 3 


(V) 
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One remarkable observation was made by Yamamoto and Yamazaki in 
this work ( 170)\ this was that for both the single and double insertion 
products, (III) and (IV), from Pd(PPhMe 2 ) 2 (CH 3 )I the two phosphine 
methyl groups are dissimilar. Thus, in the PMR spectrum for Pd(PPhMe 2 ) 2 - 
{C(=NC 6 H u )CH 3 }I at 23°C the methyl groups give a 1:2:2:2:1 pattern, 
the result of the partial overlap of two 1:2:1 triplets (S = 7.2 Hz). As the 
temperature is raised the value for 8 decreases, until at 85° C the resonances 
overlap, and only one 1:2:1 triplet is seen. The same behavior occurs for the 
compound Pd(PPhMe 2 ) 2 {(C=NC 6 H n ) 2 CH 3 }I, with a coalescence at a 
higher temperature (130° C). Yamamoto and Yamazaki propose five- 
coordinate structures, (III), (IV), and (V), to rationalize this behavior. It 
must be observed, however, that any restriction of C—Pd rotation in these 
complexes, regardless of bonding of the nitrogen atom of the iminoacyl 
group to the metal or not, will in fact produce the same asymmetry, and 
should lead to the same observation. This point has been emphasized for 
several platinum-carbene complexes of dimethylphenylphosphine by Clark 
and Manzer (42). An X-ray crystallographic study would nonetheless be of 
value to confirm or deny the suggestion of five-coordination. 

Crociani et al. (49) have described an interesting reaction between 
«i-Pt(PPh 3 )(CNC 6 H 5 )Cl 2 and a variety of phenyl-metal complexes 
(HgPh 2 , PbPh 4 , PbPh 3 Cl, SnPh 3 Cl, BiPh 3 ). The product of these reactions 
is a dimeric complex [Pd(PPh 3 ){C(=NC 6 H 5 )C 6 H 5 }Cl] 2 , which certainly 
must arise via an intermediate phenylpalladium complex which rearranges 
with isocyanide insertion [Eq. (9)]. The latter complex reacts with further 

Pd(PPh 3 )(CNPh)Cl 2 + YPh -► [Pd(PPh 3 )(CNPh)PhCl] 


(Y - PhHg, Ph 3 Pb, Ph 2 PbCl, 
Ph 2 SnCl, Ph 2 Bi) 


[Pd(PPhj){C(=NPh)Ph}Cl]j 


(9) 


phosphine, splitting the chlorine bridging units, to give Pd(PPh 3 ) 2 - 
{C(=NC 6 )H 5 }C1. 

Additional work on alkyl platinum reactions has been completed 
which mostly supports the generality of these observed insertion reactions. 
Treichel and Wagner (153) have varied the choice of phosphine ligand; 
utilizing the complexes Pt(phos) 2 (CH 3 )X (phos = PEt 3 , X = Br, I; and 
phos = PPhMe 2 , X = I) both ionic intermediate and inserted products 
were obtained. 
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Yamamoto and Yamazaki (171) carried out reactions of Pt(PEt 3 ) 2 CH 3 I 
and Pt(PPhMe 2 )(CH 2 C 6 H 3 )I with tert -butyl and cyclohexyl isocyanides. 
These reactions gave small yields of the ionic intermediate species, which 
readily reverted to the appropriate iminoacyl complexes. In reactions of 
analogous chloride complexes the intermediate species was not isolated. 
It is suggested on the basis of PMR data that these iminoacyl complexes are 
five-coordinate (see above). 

A recent paper has now extended this work on insertions of isocyan¬ 
ides to C 5 H 5 Fe(CO) 2 R (R = CH 3 , CH 2 C 6 H 5 ) complexes (172). With 
C 5 H 5 Fe(CO) 2 CH 3 and either CNBu' or CNC 6 H n one observes only the 
anticipated product, C 5 H 5 Fe(CO)(CNR)COCH 3 . However, the benzyl- 
iron complex C 3 H 3 Fe(CO) 2 CH 2 C 6 H 3 and CNBu' gives a decarbonylated 
species C 5 H 5 Fe(CO)(CNBu')CH 2 C 6 H 5 , whereas with CNC 6 H,, the 
only product is C 5 H 5 Fe(CO)[(C=NC 6 H 11 ) 3 CH 2 C 6 H 5 ]; this latter com¬ 
pound has a structure analogous to (V). 

It is appropriate to note that although the outlines of this type of chemistry 
seem straightforward, further examples are desired to establish some sort of 
generality in behavior. With further data it is possible that the minor 
differences in these reaction systems will begin to make sense. Furthermore, 
it should be pointed out that the reverse reaction, migration of an alkyl or 
aryl group from the acylimino group to a position of coordination to the 
metal, has not yet been observed. Decarbonylation, the analogous reaction in 
carbonyl systems, is well known. 

In two instances (30, 74) insertion reactions involving allylpalladium 
complexes have been studied. Kajimoto et al. (74) first reported the reaction 
of [7r-C 3 H 3 PdCl] 2 with cyclohexyl isocyanide (1:4 molar ratio) to give 
initially [Pd(CNC 6 H 11 ){C(=NC 6 H 11 )CH 2 CH=CH 2 }Cl] 2 ; the chlorine 
bridging groups may cleave with the remaining ligand present [Eq. (10)]. 

[ir-CjHjPdClh + CNC « H » > [Pd(CNC 6 H„){C(=NC 6 H„)CH 2 CH=CH 2 }Cl] 2 
j CNCjHn 

Pd(CNC 6 H, ,) 2 {C(=NC 6 H, ,)CH 2 CH=CH 2 }C1 


( 10 ) 

Boschi and Crociani (30) were able to arrest this reaction (utilizing C 6 H 5 NC 
and />-0 2 NC 6 H 4 NC, however) at an earlier stage and isolate 7r-C 3 H 3 Pd- 
(CNR)Cl, from which -SnCl 3 and -GeCl 3 complexes were prepared by 
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standard means. From the phenyl isocyanide complex with additional 
isocyanide, a reaction analogous to that above was observed, giving 
[Pd(RNC){C(=NC 6 H 5 )CH 2 CH=CH 2 }Cl] 2 , which was only stable enough 
to be characterized by infrared data. When ir-C 3 H 5 Pd(CNC 6 H 4 N0 2 )Cl 
was treated with triphenylphosphine an analogous reaction occurred, 
giving [Pd(PPh 3 ){C( = NR)CH 2 CH = CH 2 }C1] 2 . 

One other reaction deserves mention. From bis(cyclooctadiene)nickel 
and butadiene (31), and in the presence of an isocyanide (RNC, R = cyclo¬ 
hexyl, phenyl, tert-butyl) two organic oligomeric products are obtained, 
1 -acylimino-11 -vinyl-3,7-cycloundecadiene and 1 -acylimino-3,7,11 -cyclo- 
dodecatriene. In each, one isocyanide has been incorporated. An analogous 
reaction with carbon monoxide had been reported earlier. The proposed 
mechanism of these reactions, via a bis-w-allyl complex of nickel, is probably 
related to the mechanism described for allylpalladium complexes above. 

One also observes that insertion reactions do not always occur, when per¬ 
haps they might be expected. For example, oxidative addition reactions of 
methyl iodide with Pt(CNBu') 2 (PPh 3 ) 2 (85) and with several iridium d H 
complexes (50), and with Rh(PPh 3 ) 2 (CNCH 3 )Cl (11) do not involve inser¬ 
tion reactions, although the products in the last of these reactions are still 
in some doubt. Addition reactions of Pt(L) 2 RX (L = PEt 3 , AsEt 3 ) with 
isocyanides in the presence of NaC10 4 lead to the isolation of [Pt(L) 2 - 
(CNR')R]C10 4 ; and there is no report of isocyanide insertion into metal- 
alkyl bonds in these complexes (38, 39, 41). 


B. Nucleophilic Reactions with Metal Isocyanide Complexes 
The reactions of nucleophilic reagents with cationic and uncharged 
metal carbonyl complexes have received much attention in the past, and it 
is not surprising that these studies have now been extended to isocyanide 
metal complexes. Different products in these reactions can arise by three 
general routes; these include ligand substitution, reactions involving 
attack at a ligand, and reduction of the metal complex. All have been 
observed in reactions with metal isocyanide complexes. 

The susceptibility of a metal complex to nucleophilic attack is enhanced 
by a positive charge on the complex. This fact, and the fact that most metal 
isocyanide complexes are cationic, probably explains why no nucleophilic 
reactions of uncharged isocyanide complexes have yet been reported. It is 



Transition Metal—Isocyanide Complexes 


37 


probable that such reactions will occur, however, at least using strong 
nucleophiles such as organolithium reagents. Analogous reactions with 
metal carbonyls are known. 

There may be several limitations to the scope of this type of study with 
metal isocyanide species. Since generally the nucleophile bears a negative 
charge, reaction with a cationic species will decrease the positive charge on 
the metal. One has a suspicion, from the above arguments on bonding (Sec¬ 
tion II), that too radical a change in this direction may be undesirable. This 
could imply either that the reaction is not thermodynamically favorable, or 
that the reaction might instead occur with complex degradation. In support 
of this one notes that a number of stable metal isocyanides [Mn(CNCH 3 ) 6 ] + , 
[Fe(CNCH 3 ) 6 ] 2+ seem quite reluctant to undergo simple reactions; forcing 
conditions eventually lead to decomposition (140). For comparison, one 
might choose [Mn(CO) 6 ] + and [Mn(CNCH 3 ) 6 ] + . The former is a quite 
reactive species toward halide [->Mn(CO) 3 X], hydroxide [-*-Mn(CO) 5 H + 
C0 2 ], and organolithium reagents [-^•Mn(CO) s COR], whereas the latter 
is apparently inert to these reactants (140). 

It may be noted that the additions of protonic molecules HA (alcohols, 
amines, thiols, etc.; see Section III,C) to isocyanides may be related to these 
reactions, in the formalistic sense anyway, since they involve additions of 
A~ (in conjunction with H + ) to the isocyanide. In a few instances the ad¬ 
ditions of HA can be accomplished by adding first A - and then H + to the 
reactant species. However, no studies on HA additions have yet elucidated a 
mechanism for these reactions, so to draw a conclusion on the similarities 
of these reactions on mechanistic grounds is not appropriate. Because of 
this, and also for convenience, these subjects will be treated separately. 

Several of the early nucleophilic reactions on a metal isocyanide complex 
were described by Pauson and Stubbs (112). The reaction of NaC 5 H 5 and 
[Mn(CNC 6 H,) 6 ] + occurred with ligand displacement, and the product 
C 5 H 5 Mn(CNC 6 H 5 ) 3 was isolated. Sodium borohydride and C 5 H 5 Fe(CO)- 
(CNC 6 H 5 )I give a complicated reaction, according to Joshi et al. (70); some 
reduction to dimeric (CjHjFe^CO^CNC^Hj is observed, however. 

Reactions of the complexes [C 5 H 5 Fe(CO) 3 _ ;c (CNCH 3 ) ;c ]PF 6 [jc = 1, 
2 (143), 3 (146)] with pentafluorophenyllithium have been carried out. For 
the mono- and diisocyanide complexes, several products were observed; 
the overall yield was generally low however. These reaction data are sum¬ 
marized by the equations below. 
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[C 5 H 5 Fe(CO) 3 (CNCH 3 )]PF 6 + C 6 F 3 Li -> <*o-C 6 F 5 C 5 H 5 Fe(CO) 2 CNCH 3 (19%) 
[C 5 H 5 Fe(CO) 2 ] 2 (14%) 
«co-CCl 3 C 5 H s Fe(CO) 2 CNCH 3 (2%)* 
C 3 H 5 Fe(CO) 2 C(=NCH 3 )C 6 F 5 (1%) 
C 5 H s Fe(CO)(CNCH 3 )C 6 F 5 (1%) 
C 5 HjFe(CO) 2 CN (?) 

+CHC1 3 used in work-up. 

(C 5 H 5 Fe(CO)(CNCH 3 ) 2 )PF 6 + C 6 F 5 Li - C 5 H,Fe(CNCH 3 ) 2 C 6 F 5 (9%) 

C 5 H 5 Fe(CO)(CNCH 3 )C(~NCH 3 )C 6 F s 
two isomers: (1), 1S%; (2), 14% 

[C s H 5 Fe(CNCH 3 ) 3 ]PF 6 + C 6 F 5 Li - [C 5 H 5 Fe(CNCH 3 ) 2 C(=NHCH 3 )C 6 F 5 ]PF 6 
(59%) 


Among the products in the reaction of [CjH 5 Fe(CO) 2 (CNCH 3 )]PF 6 
the first, exo-CgFjCjHjFe^O^CNCHj), is found in highest yield. 
It is interesting that analogous products are found in similar reactions with 
[C 5 H 5 Fe(CO) 2 phos]PF 6 . The cyano complex, C 5 H 5 Fe(CO) 2 CN, appar¬ 
ently arises from dealkylation of the coordinated isocyanide ligand, a reac¬ 
tion which has subsequently been found to be more general ( 145 ), The 
reaction of [C 5 H 5 Fe(CO)(CNCH 3 ) 2 ]PF 6 occurs either with carbonyl 
displacement, or by reaction at an isocyanide ligand. The product of the 
latter reaction occurs as two isomers (VI, VII). The reaction of C 6 F 5 Li and 
[C 5 H 5 Fe(CNCH 3 ) 3 ]PF 6 occurs exclusively at the ligand, but the resulting 
product is substantially basic ( 146 ), and abstracts a proton on work-up. 



(VI) (VII) 


Reactions of [CH 3 C 5 H 4 Mn(NO)(CO)(CNCH 3 )]PF 6 and [CH 3 C 5 H 4 Mn- 
(NO)(CNCH 3 ) 2 ]PF 6 occur in asimilar fashion, and the products, CH 3 C 5 H 4 - 
Mn(NO)(CO){C(=NCH 3 )C 6 F,} in the former reaction and CH 3 C 5 H 4 - 
Mn(NO)(CNCH 3 ){C(=NCH 3 )C 6 F 5 } in the latter, are isolated ( 20 ). The 
complex CH 3 CjH 4 Mn(NO)(CNCH 3 ){C(=NCH 3 )C 6 F 5 } picks up a proton, 
giving a mixture of this complex and the protonated species ( 146 ). The 
reactions of [C 5 H 5 W(CO) 3 CNCH 3 ]PF 6 and [C 5 H 5 W(CO) 2 (CNCH 3 ) 2 ]PF 6 
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with C 6 F 5 Li were also studied. In the former instance three pro¬ 
ducts, C 5 H 5 W(CO) 2 (CNCH 3 )COC 6 F 5 , C 5 H 5 W(CO) 2 (CNCH 3 )C 6 F 5i and 
[C 5 H 5 W(CO) 3 ] 2 , were obtained. The latter reaction yielded only 
C 5 H 5 W(CO) 2 (CNCH 3 ){C(=NCH 3 )C 6 F 5 }. 

One must be somewhat reluctant to draw any far-reaching conclusions 
from the work to date. In general, there seems to be a predisposition for 
isocyanide ligand attack in these systems, although there are exceptions 
to this. Because of the low yields it is not possible to state with certainty a 
preferential position of attack for an entering nucleophile. In addition, the 
reactions described have been limited to C 6 F 5 Li as a nucleophile; it is 
possible that other organolithium compounds will react differently. For 
example, phenyllithium, in reactions with several cationic cyclopentadienyl- 
iron carbonyl complexes generally gives reduction to [C 5 H 5 Fe(CO) 2 ] 2 , 
whereas for C 6 F 5 Li substitution is observed. 

Perhaps one of the more striking observations in this work is the tendency 
for acylimino complexes to take up a proton ( 146 ), a feature not common to 
acyl complexes. The acylimino group nitrogen atom has a lone pair which 
possesses substantial basicity. The basicity is strongly a function of metal 
and ligand groups. Hence both CjH 5 Fe(CNCH 3 ) 2 {C(=NCH 3 )C 6 F 5 } and 
CH 3 CjH 4 Mn(NO)(CNCH 3 ){C(=NCH 3 )C 6 F 5 } pick up a proton in work¬ 
up; however, C 5 H 5 Fe(CO)(CNCH 3 ){C(=NCH 3 )C 6 H 5 } and CH 3 C 5 H 4 - 
Mn(NO)(CO){C(=NCH 3 )C 6 F 5 } do not. Presumably the higher basicity 
of the former species is due to increased negative charge on the nitrogen 
arising from increased back-donation from the metal to the acylimino 
group (resonance form 2, VIII). 

,R -R 

N / -N^ 

II + I 

m—CR 4-► m=CR 

(VIII) 

Protonation of the acylimino group in Pt(PPh 3 ) 2 {C(=NCH 3 )C 6 H 5 }I by 
NH 4 + and protonation of the bridging isocyanide in (C 5 H 5 Fe) 2 (CO) 3 - 
(CNCH 3 ) by aqueous HC1 were also noted ( 146 ). In addition, in several 
instances carbene complexes have been shown to undergo deprotonation- 
protonation reactions ( 46 , 49 , 100 ). 

The reaction of [C 5 H 5 Ni(PPh 3 )CNC 6 H 11 ] + and phenyllithium gave two 
products, C,H,Ni(PPh 3 )C 6 H 5 and C 5 H 5 Ni(CNC 6 H n ){C(=NC 6 H n )- 
C 6 H 5 } ( 164 ). Reactions with [Pt(diphos)(CNCH 3 ) 2 ] 2+ and C 6 F 5 Li or 
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CHjLi gave only Pt(diphos)R 2 ; with [Pt(PPh 3 ) 2 (CNCH 3 ) 2 ] 2+ and C 6 F 5 Li 
ligand displacement also occurred to give a mixture of Pt(PPh 3 )(CNCH 3 )- 
(C 6 F 5 ) 2 and Pt(PPh 3 ) 2 (C 6 F 5 ) 2 {147). 

Borohydride additions to cationic isocyanide-metal complexes are also 
reported. Treichel, Stenson, and Benedict {148) describe the products 
C 5 H 5 Fe(CO)(CHNCH 3 ) 2 BH 2 , C 5 H 5 Fe(CHNCH 3 ) 3 BH, CH 3 C 5 H 4 Mn- 
(NO)(CHNCH 3 ) 2 BH 2 , and C 5 H 5 Mo(CO) 2 (CHNCH 3 ) 2 BH 2 . Preliminary 
X-ray crystallographic data (54) confirm the suggested structures (IX) and 
(X). Attempted hydride abstraction from several of these complexes by 
[Ph 3 C]BF 4 gave products where fluorine atoms had been exchanged for 
the hydrogens of the BH 2 groups. It is suggested that these reactions 
occur in two steps, hydride abstraction from the BH 2 group, followed by 
fluoride transfer to this boron from BF 4 - . 



(IX) (X) 


Reactions of a variety of weaker nucleophiles such as halide and pseudo¬ 
halide ions and [Pt(PPh 3 ) 2 (CNCH 3 ) 2 ] 2+ have been studied (147) and, as 
might be expected, ligand replacement is usually observed [Eq. (11)]. 

[Pt(PPh 3 ),(CNCH 3 ) 2 ] J+ + X- -* [Pt(PPhj) 2 (CNCHj)X] + + CNCH 3 (11) 
(X « Cl, CN, SCN) 

However, with bromide and iodide ions the five-coordinate adducts 
[Pt(PPh 3 ) 2 (CNCH 3 ) 2 X] + are isolated; the bromide complex loses isocyanide 
slowly but the iodide complex is stable. The analogous reactions with 
[Pt(diphos)(CNCH 3 ) 2 ] 2+ give disubstitution. 

In view of these results, the reactions of [Pt(PPh 3 ) 2 (CNCH 3 ) 2 ] 2+ and 
[Pt(diphos)(CNCH 3 ) 2 ] 2+ with alkoxide ion seem quite remarkable (147). 
Rather than displacing a ligand, the alkoxide ion adds to one or two coordin¬ 
ated isocyanide groups [Eqs. (12, 13)]. As one might suspect, the imino 
nitrogens in these products are basic, and can be protonated or alkylated. 
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f ^OCH, 

r 

[Pt(PPhj) 2 (CNCH 3 ) 2 P + +OCHj- ->■ j^Pt(PPhj) 2 (CNCH 3 )C^ NcH 

J (12) 


/ , OCHA 


[Pt(diphos)(CNCH 3 ) 2 ] 2+ + 2 OCHr 

- . Pitfiphos) (C^ NCH J 

(13) 


The products from protonation are, of course, the same as those derived 
from additions of alcohols to the coordinated ligand (Section III,C). 

The addition of hydroxide ion to [Pt(PPh 3 ) 2 (CNCH 3 ) 2 ] 2+ is an anticipated 
extension of this work. The initial product of this reaction undergoes a 
tautomeric hydrogen shift, however, giving a platinum-carboxamido species 
(84, 149). Analogous additions of SH" and NHR" (R = C 6 H 5 , C 6 H 4 N0 2 ) 
are also observed [Eq. (14)]. The amidinium complexes (A = NR) can be 

[Pt(PPh 3 )j(CNCHj)j] :+ + AH’ -* [Pt(PPh 3 ) 2 (CNCH 3 ){C(=A)NHCHj}] + (14) 
(A = O, S, NC 6 H„ nc,,h 4 no 3 ) 

reversibly protonated at nitrogen (84, 149). However, protonation of the 
carboxamido complex leads to loss of methylamine and formation of a 
transient platinum(II) carbonyl species (not isolated) from which CO is 
displaced by the solvent. This reaction has some precedent in other work on 
carboxamido complexes. 

It is interesting to observe that the addition reactions of OR" and OH" 
are not at all general for isocyanide complexes; indeed no additional 
examples of these reactions are known. A number of complexes, e.g., 
Mn(CNR) 6 + and Co(CNR) s + are reported to be inert to these reagents (90). 
In several other instances reduction of the metal complex by OH" and 
OCH 3 " is observed. For example, in reactions of [CjH 5 Fe(CO) 3 _ x - 
(CNCH 3 )J + (*=. 1,2), dimeric (C 5 H 5 ) 2 Fe 2 (CO) 4 _,,(CNCH 3 ) y (;y = 1, 2) are 
observed (140). These reductions are anticipated as it is known that basic 
reagents can react with metal carbonyl complexes in the same manner 
[e.g., Fe(CO) s + OH" -» Fe(CO) 4 H" + C0 2 ]. 

A number of studies have been reported concerning azide-isocyanide 
condensations to give tetrazoles. Early work by Beck and co-workers (18, 
19) describes the addition of various isocyanides to metal azido species 
[Au(N 3 ) 4 ]", [Au(N 3 ) 2 ]-, Au(PPh 3 )N 3 , and M(PPh 3 ) 2 (N 3 ) 2 , M = Pd, Pt, Hg. 
The products are carbon-bonded tetrazolato-metal complexes. It is not 
known whether metal isocyanide complexes are intermediates in these 
reactions. More recently inverse reactions with azide ion addition to metal 
isocyanide complexes were carried out, with similar results. From 
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[Pt(PPh 3 ) 2 (CNCH 3 ) 2 ] 2+ and azide ion [Pt(PPh 3 ) 2 (CNCH 3 )(CN 4 CH 3 )] + is 
formed; and using [Pt(diphos)(CNCH 3 ) 2 ] 2+ the product is Pt(diphos)- 
(CN 4 CH 3 ) 2 (147). 

Azide ion additions to [C 5 H 5 Fe(CO) 2 (CNCH 3 )] + [giving C 3 H 3 Fe(CO) 2 - 
CN 4 CH 3 and C 5 H s Fe(CO)(CNCH 3 )NCO], to [C 5 H 5 Fe(CO)(CNCH 3 ) 2 ] + 
[giving C J H J Fe(CO)(CNCH 3 )CN 4 CH 3 ], to [CH 3 C 3 H 4 Mn(NO)L- 
(CNCH 3 )] + , L = CO, PPh 3 [giving CH 3 C 5 H 4 Mn(NO)(L)CN 4 CH 3 ], to 
[C 3 H 3 W(CO) 3 (CNCH 3 )]+ [giving C 5 H 5 W(CO) 2 (CNCH 3 )NCO], and to 
[C 5 H 3 W(CO) 2 (CNCH 3 ) 2 ] + [giving C 5 H 5 W(CO) 2 (CNCH 3 )CN 4 CH 3 ] are 
reported (20). 


C. Additions of Protonic Compounds to Coordinated Isocyanides 

Perhaps the greatest excitement in the field of metal isocyanide complex 
chemistry has been generated by the observation that a variety of protonic 
substances (alcohols, thiols, amines, hydrazine) add to the coordinated 
isocyanide ligand. Interestingly, the reaction is one which has an analogy in 
carbonyl chemistry; Clark et al. (40) observed that the reactions of 
[Pt(phos) 2 (CO)Cl] 1 and alcohols give Pt(phos) 2 (COOR)Cl. Presumably 
this is an addition reaction, followed by deprotonation, the basicity of the 
carbonyl oxygen in the product being relatively low [Eq. (15)]. The scarcity 

[Pt(phos) 2 (CO)X] + + 2ROH -> Pt(phos) 3 (COOR)X + ROH 3 + (15) 

(phos = PPh 3 , PEtj; X = Cl, Br, I; R = CH 3 , C 3 H 5 ) 

of analogous reactions involving carbonyls, however, has meant that this 
analogy has never been emphasized. 

Although this work has so far been almost entirely devoted to platinum 
and palladium complexes, these addition reactions are now viewed as a general 
chemical phenomenon. However it may be appropriate to view this 
generality with caution, until further work appears. 

The initial work in this field appeared as a communication in 1969 (8), 
and this work was later expanded to a full paper (9). Badley et al. described 
the synthesis of cir-Pt(PEt 3 )(CNC 6 H 3 )Cl 2 from Pt 2 (PEt 3 ) 2 Cl 4 and the 
isocyanide; the bromide complex could be obtained from this complex 
by addition of bromide ion. These complexes were then observed to react 
with various substances [Eq. (16)]. A crystal structure study on the complex 

rii-Pt(PEt 3 )(CNC 6 H 5 )X 3 + AH -> cij-Pt(PEt 3 ){C(A)NHC 6 H 5 } X 3 (16) 

(AH = CH 3 OH, C 3 H 5 OH, C 3 H 7 OH, jec-C 4 H»NH 3 , C 6 H 3 NH 3 ) 
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m-Pt(PEt 3 )[C(OEt)NHC 6 H 5 ]Cl 2 was carried out, verifying its structure 
(XI). 


CHj 

^CH 2 


I 


Cl 

Cl 


(XI) 


A structure study on m-Pt(PEt 3 )(CNC 6 H 5 )Cl 2 is also mentioned (10). 
In this compound a C—N—C angle of 165.5° is observed, rather a large 
deviation from the expected value of 180°. It is suggested that this geometry 
may in some way correlate with the reactivity with nucleophiles (OR - ). 
However, data on structures for two other compounds, «'r-Pt(PEt 3 )- 
(CNC 2 H 5 )C1 2 and ar-Pt(CNC 6 H 5 ) 2 Cl 2 , have now appeared (73). For these 
species more typical C—N—C angles near 175° are found. Since these 
compounds are also reactive toward nucleophiles, the correlation of bond 
angle and reactivity seems without merit. 

Subsequent to the initial report by Badley et al. two communications 
appeared, which reported structural investigations on several products 
obtained from PtCl 4 2- , methyl isocyanide, and hydrazine (33, 117)] these 
compounds had previously been identified (incorrectly) as six-coordinate 
platinum(II) species (90). In addition, synthesis work in this area was 
extended somewhat further by these groups. The details of this work 
presented in these communications and in later full papers (34, 117) are 
summarized by Eqs. (17). 

A structural study on the palladium complex PdCl 2 (C 4 H 10 N 4 ) makes 
somewhat clearer the chemistry involved here (33, 34). The structure for 
this compound is shown in (XII), below; other complexes of the chelating 
ligand group C 4 H 10 N 4 are simply derived by substitution of L (or X - ) for 
Cl - in this structure, sometimes with concurrent loss of a proton. One or two 
hydrogen atoms [probably on ring nitrogens (117)] are protonic in character 
and may be lost in the presence of suitable strong bases. For example, for the 
diphos compound one can envision the following reversible proton addition 
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PtCl 4 2 -, CHjNC, N 2 H 4 



[Pt(bipy)C 4 H,N 4 ]Cl 


1. EtOH/NH, (Cl only) 

2. bipy 


Pt(C 4 H| 0 N 4 )Xj 


[Pt(CNCHj) 2 (C 4 H 10 N 4 )] 2 + (17) 




[Pt(diphos)(C 4 H,N 4 )] + 

[Pt(diphos)C 4 H, 0 N 4 P + 


[Eq. (18)]. Similar protonation-deprotonation reactions are known in other 
systems (46,146). 


y 


C, 


N 



(18) 


Analogous reactions of PtCl 4 2- and CNCH 3 with phenyl and methyl 
hydrazines are reported to occur (33). A recent structural study on 
[Pt(CNCHj) 2 (C 5 H| |N 4 )]BPh 4 , a compound derived from methyl hydrazine 
followed by proton loss, has been completed (54). This structure (XIII) 
is quite similar to that of (XII) except for the orientation of the methyl 
groups on the imino nitrogen. The data were not good enough to determine 
on which imino nitrogen the single proton resides. 




Since the initial report on the addition reactions of palladium(II) and 
platinum(II) isocyanide complexes by Badley et al. ( 8 ), a rather substantial 
number of further examples have been reported. These are summarized in 
Table II. 

In only two instances have additions to more than one isocyanide been 
observed (99, 147). There seems no reason not to expect this to occur, 
however, and, doubtlessly, more examples will be forthcoming. 

The product Pt(PPh 3 )(CNR)[C(=NR)OCH 3 ]Cl (R = p-tolyl) was 
obtained from Pt(PPh 3 ) 2 Cl 2> p-tolyl isocyanide, and KOH in methanol 
(100). Its formation would seem to be related to the reactions described 
above; however, the base serves to deprotonate the resulting product. An 
analogous reaction of Au(PPh 3 )Cl to give Au(PPh 3 )C(=NR)OCH 3 was 
also described. 

Angelici and Charley have shown that methyl and ethyl amines will add 
to one isocyanide in [C s H 5 Fe(CNC 6 H 4 OCH 3 ) 3 ] + (5) to give the product 
(XIV), which exists as two isomers. From [C s H s Fe(CO)(CNCH 3 ) 2 ] + and 
CH 3 NH 2 the product is (XV) (3). Apparently only one isomer is formed, as 
the PMR spectrum shows three methyl resonances of equal intensity at 
r 6.55, 6.92, and 7.27. It is interesting that the latter reaction occurs at an 
isocyanide, giving an amidinium complex, rather than at the CO group 
to give a carboxamido-iron compound. 

In addition, several addition reactions have been reported for the iron 
complex [Fe(CNCH 3 ) 6 ] 2+ with hydrazine and with methylamine (99); the 
products (XVI) and (XVII), respectively, are described. A crystal structure 
study on the latter compound was carried out. 
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TABLE II 

Additions of Alcohols and Amines to Platinum(II) and Palladium(II) Complexes 


Reactants 

Products 

References 

ew-Pd(CNPh)jCl, 

+ CHjOH 

Pd(CNPh){C(=NHPh)OCHj}Clj 

48 

+ tolNHj 

Pd(CNPh){C(=NHPh)NHtol}Clj 

25,48 

cii-Pd[PPh 3 ](CNPh)Cl a 

+ CHjOH 

Pd(PPh 3 ){C(=NHPh)OCH 3 }Clj 

48 

+ tolNHj 

Pd(PPhj){C(=NHPh)NHtol}Clj 

25, 48 

+ p-OjNC 6 H 4 NHj(RNH 2 ) 

Pd(PPhj){C(=NHPh)NHR}Clj 

25 

CH-Pt(CNCy)jClj 

+ tolNHj 

Pt(CNCy){C(=NHCy)NHtol}Clj 

25 

+ CH 3 OH 

Pt(CNCy){C(=NHCy)OCHj)Clj 

25, 27 

+ CjHjOH 

Pt(CNCy){C(=NHCy)OCjHj}Clj 

25 

cii-Pt(CNtol) 2 Clj 

+ tolNHj 

Pt(CNtol){C(=NHtol)j}Clj 

25 

+CHjOH 

Pt(CNtol){C(=NHtol)OCHj)Clj 

27 

c«-Pt[PEtj](CNPh)Clj 

+ ROH (CHjOH, CjHjOH, C 3 H,OH) 

Pt(PEt 3 ){C(=NHPh)OR}Clj 

8,9 

+ RNHj(PhNHj, jec-BuNHj) 

Pt(PEtj){C(=NHPh)NHR}Clj 

8, 9 

Ir a m-[Pt(PPhj)j(CNCHj)j] J+ 

+ CHjOH 

[Pt(PPhj)j(CNCHj){C(=NHCHj)OCHj}] 3 - 

h 147 

crt-(Pt(dipho8)(CNCHj)j] J+ 

+ CjHjOH 

[Pt(diphos){C(=NHCHj)OEt}j] J+ 

147 

tram-[Pt(PPhMej)j(CNEt)j] J+ 

+ CjHjOH 

[Pt(PPhMej)j(CNEt){C(=NHEt)OC 2 H 5 )] 21 

’ 42 

+ RNHj(C 6 HjNHj, tolNHj) 

[Pt(PPhMej)j(CNEt){C(=NHEt)NHR)] J+ 

42 

+C 6 H 5 CHjSH 

[Pt(PPhMej)j(CNEt){C(=NHEt)SR)] J+ 

42 

[Pt(CNCHj) 4 ] J+ 

+ CHjNHj 

[Pt{C(NHCH 3 )j} 4 ] J+ 

99 




Q 

CH 3 NC-'f'\ c _ N / H 
OC \,' ^CH 3 
N 

/ \ 

CHj H 


(XIV) 


(XV) 



Transition Metal—Isocyanide Complexes 


47 


H. 

H' 


I Fe 2 MCNCH 3 )« 


CHjN Fe 2 + (CNCH,)< 


II 

N 

/ \ 


These studies, along with those of Angelici (3, 5) are the only significant 
excursions in this area of chemistry outside the palladium(II) and plat- 
inum(II) realm. 


D. Copper-Catalyzed a-Additions to Isocyanide 

Not a lot need be said on this subject, since a good recent review is 
available (156). However, there can be no doubt of the significance of this 
work, and its inclusion in a discussion of current and important topics is 
appropriate. 

Various a-addition reactions are observed to be metal- or acid-catalyzed, 
or to be uncatalyzed. In this review only the metal-catalyzed reactions will 
be discussed, since it is generally assumed that metal isocyanide complexes 
are involved in these systems. A number of metal-catalyzed a-addition 
reactions have been mentioned recently. Copper(I) oxide seems to be the 
most commonly used catalyst, although other metal complexes sometimes 
are satisfactory. Table III presents a partial survey of this work. 

As noted above, interest in metal-catalyzed reactions arises primarily 
from the assumption that metal isocyanide compounds are involved as 
reaction intermediates. Though this is an idea which intuitively has some 
merit, there is actually little in the way of experimental evidence to confirm 
or deny this. In favor of this postulate is the isolation of a metal isocyanide 
complex (in one instance only). This complex, having the formula 
(CuC 1) 2 (CNC 6 H, ,) 2 HNC 5 H, 0 (HNC 5 H 10 , pip = piperidine) was obtained 
from a heterogeneous system involving CuCl, cyclohexyl isocyanide, and 
piperidine (124); it is unstable, decomposing slowly at room temperature 
to give C 5 H 10 NCH = NC 6 H,,. No structure is proposed for the metal 
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TABLE III 


Metal-Catalyzed <k-Addition Reactions 


Reactants 

Catalysts 

Products 

References 

RjSiH, R'NC 

Cu 1 salts 

R'N=CHSiRj 

118 

PEtjH, R'NC 

CujO, ZnClj, 
Cu(acac)], 

CdCl„ 

Hg(OAc), 

R'N==CHPEtj 

119 

RSH, R'NC 

CujO 

R'N=CHSR 

120 , 128 

ROH, R'NC 

Cu, Cu 2 0, 

CuCl 

R'N=CHOR 

123 , 129 

RjNH, R'NC 

O 

AgCl, CuCl, 

ZnClj, 

Cd(OAc)}, 

HAuCl, • 4HjO 

R'N=CHNRj 

O 

124 , 129 

RNHCR", R'NC 

CujO 

R'N=CHNRCR" 

129 


complex, but by analogy to other copper(I) complexes of this general 
formula (Cu 2 C1 2 L 3 ) one might suggest (XVIII) as a possibility. 


RNC^ /CL 
RjNH^ ^CK 
(XVIII) 


Xu—CNR 


Some infrared data on these catalytic systems also support the inter¬ 
mediate complex formation (123). For a heterogeneous system of Cu metal 
and cyclohexyl isocyanide one observes, in solution, a v CN absorption at 
2180 cm -1 , compared to 2140 cm -1 for the free isocyanide. Absorptions 
at 2181 and 2192 cm -1 for the systems with Cu 2 0 and CuCl, respectively, 
are measured. The solutions in each case have catalytic activity. The 
suggestion is made that either a copper(O) complex (from Cu metal) or 
copper(I) isocyanide complex (from Cu 2 0 or CuCl) is the catalytic species 
present. 

It is reported that the intermediate species in the Cu 2 0-terf-BuNC reac¬ 
tion system can undergo reactions with cyclopentadiene or with indene. 
The products obtained are CjHjC^CNBu') and indenylCu(CNBu') 3 
(132). The postulate that a copper(I) isocyanide complex is the reaction 
intermediate here is reasonable. 
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The existence of copper(I) isocyanide complexes is well documented, of 
course (90). Such complexes are basically straightforward, having stoichio¬ 
metries and physical and chemical properties analogous to other copper(I) 
complexes. It would be somewhat surprising if the studies currently under¬ 
way on the catalytic systems had not attempted to sketch in this relationship 
more precisely. No copper(O) isocyanide complexes are known, so such 
species if they exist here would be particularly interesting; their stability is 
clearly low with respect to ligand dissociation, or they would have been 
isolated in these studies. 

One might also draw attention to an analogous behavior apparently ob¬ 
served with silver. In two patents (176, 177) finely divided silver metal is 
observed to dissolve in liquid alkyl and aryl isocyanides to homogeneous 
solutions containing up to about 10% metal (by weight). These solutions 
conduct an electric current. On evaporation metallic silver is deposited. 

In addition to a-additions to isocyanides, copper oxide-cyclohexyl iso¬ 
cyanide mixtures are catalysts for other reactions including olefin dimeriza¬ 
tion and oligomerization (121, 125, 126). They also catalyze pyrroline and 
oxazoline formation from isocyanides with a protonic a-hydrogen (e.g., 
PhCH 2 NC or EtOCOCH 2 NC) and olefins or ketones (130), and the 
formation of cyclopropanes from olefins and substituted chloromethanes 
(131). The same catalyst systems also catalyze Michael addition reactions 
(119a). 


IV 

ISOCYANIDE COMPLEXES OF VARIOUS METALS 

A. Group VIB 

Isocyanide complexes of Group VIB metals which were described previ¬ 
ously by Malatesta and Bonati (90) include: M(CNAr) 6 , M = Cr, Mo, W, 
prepared by reaction of a metal salt and an aryl isocyanide, with either a 
reducing agent present, or with a valence disproportionation of the metal 
occurring; M(CO) 6 _ x (RNC) x , M = Cr, Mo, W, x= 1, 2, 3, from various 
ligand replacement reactions starting with the metal hexacarbonyl; 
C 5 H 5 Mo(CO) 3 _ x (RNC) x Y (Y = halogen, * - 1, 3; R - C 6 H 5 , CH 3 ) from 
either displacement of carbonyl groups, or by alkylation of the appropriate 
cyano complex; [C 5 H 5 W(CO) 3 CNCH 3 ]I, from alkylation of C 5 H 5 W- 
(CO) 3 CN; AreneCr(CO) 2 CNR (several arenes) by ligand replacement; and 
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Mo(NO) 2 L 2 C1 2 , from isocyanide ligand addition to [Mo(NO) 2 C1 2 ] x . These 
complexes are, in general, analogous to many known complexes of these 
metals with other ligands. 

Some extension in synthetic chemistry of Group VIB complexes of 
isocyanides has evolved in the last five years. Of particular interest are 
several compounds, [Mo(CNBu') 6 I]I and Mo(CNR) 5 X 2 (R = cyclohexyl, 
X = Br, and R = />-tolyl, X = Cl and Br). The former complex, obtained as 
orange prisms, is reported to arise when solid Ag 4 Mo(CN) 8 is shaken with 
tert-butyl iodide for several days (86). A crystal structure determination by 
X-ray techniques reveals that this complex has the structure (XIX). The 
six isocyanide ligands are arranged in a distorted trigonal prismatic con¬ 
figuration around the metal and the iodide is centered over one square face. 
The latter complexes arise from reactions of Mo(CO) 4 X 2 species with the 
appropriate isocyanide (23). They are diamagnetic, and as formulated 



(XIX) 


correspond to the EAN rule. The chloro complex Mo(CNC 6 H 4 CH 3 ) 5 Cl 2 
is reported to dissolve in nitrobenzene to give a conducting solution, in 
which the solvated species [Mo(CNC 6 H 4 CH 3 ) 5 Cl• S] + (S = solvent) is 
suggested to be present; however, the bromo complexes are nonconducting. 

Although these complexes arise from rather different reactions, one has 
the intuitive feeling that they are closely related, with differences in stoi¬ 
chiometry and structure dependent on the halide ion present. A similar 
situation is observed with platinum complexes, where reactions of bis(phos- 
phine)platinum dichloride (PPh 3 , PEt 3 ) and dibromide with methyl 
isocyanide give four-coordinate species, [Pt(phos) 2 (CNCH 3 )X]X (X = Cl, 
Br), whereas the five-coordinate complexes [Pt(phos) 2 (CNCH 3 ) 2 I]I are 
isolated from reactions with the bis(phosphine)platinum diiodide (147). 
It is also appropriate to note that one may look at seven-coordinate molyb¬ 
denum complexes as being made up of the hexakis(isocyanide) complex 
Mo(CNR) 6 acting as a base, and a strong Lewis acid, I + ; this suggests that 
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a study of the interactions of Mo(CNR) 6 with other strong acids should 
be attempted. 

In connection with the above complexes, the work of Bamford et al. (12) 
might be noted. These workers observed that phenyl isocyanide complexes 
of chromium in chloroform will catalyze the radical polymerization of 
methyl methacrylate. They suggest a mechanism involving ligand dissocia¬ 
tion followed by oxidation by CC1 4 of the metal complex to a divalent metal 
species (unspecified nature); this process gives CC1 3 • radicals which initiate 
the polymerization. Presumably the metal complex could be Cr(CNPh) 3 Cl 2 . 

Several other new types of isocyanide complexes of these metals have been 
reported. McCleverty and James (97), studying the reaction of 
[C 3 H 3 Mo(NO)I 2 ] 2 with various ligands, prepared the complex C 3 H 3 Mo- 
(NO)(CNC 6 H 4 OCH 3 )I 2 , and Green and Lindsell (62) observed that the 
protonation of (C 5 H 5 ) 2 W(OC 2 H 5 )CN leads to [(C 5 H 5 ) 2 W(OC 2 H 5 )CNH] + 
isolable as a hexafluorophosphate salt. Other workers have further extended 
known series of complexes. Benedict (20) prepared [C 3 H 3 W(CO) 2 - 
(CNCH 3 ) 2 ]PF 6 and [C 5 H 5 W(CO) 2 (CNCH 3 )(PPh 3 )]PF 6 from [C 3 H 5 W- 
(CO) 3 CNCH 3 ]PF 6 and methyl isocyanide and triphenylphosphine, 
respectively. He also observed that the reactions of C 6 F 5 Li with 
[C 5 H 5 W(CO) 4 _ x (CNCH 3 )JPF 6 gave C 3 H 3 W(CO) 2 (CNCH 3 )COC 6 F 3 (for 
*=1) and CjH 5 W(CO) 2 (CNCH 3 )C(=NCH 3 )C 6 F 5 (for x = 2). With 
NaBH 4 and [C 5 H 5 W(CO) 3 (CNCH 3 )]PF 6 a mixture of [C 5 H 5 W(CO) 3 ] 2 
and (C 5 HjW) 2 (CO) 5 (CNCH 3 ) was formed. The reaction of NaBH 4 
and [C 5 H 5 Mo(CO) 2 (CNCH 3 ) 2 ]PF 6 gives C 5 H 5 Mo(CO) 2 (CHNCH 3 ) 2 BH 2 
(148). 

The observation has been made (22) that C 3 H 3 Mo(CO) 2 (CNC 6 H 3 )I, 
formed from C 3 H 3 Mo(CO) 3 I and CNC 6 H 3 , exists as two isomers. These 
can be separated; the cis isomer is pink, m.p. 78° C; the trans is a peach 
color, m.p. 103° C. In solution at room temperature one isomer rapidly 
interconverts to the other, to give an equilibrium mixture with 60% cis 
and 40% trans species. 

The syntheses of the complexes C 3 H 3 Mo(CO) 2 (CNR)COR' (R = Bu', 
cyclohexyl, 2,6-dimethylphenyl, R' = CH 3 and CH 2 C 6 H 5 ), C 3 H 3 Mo(CO) 3 - 
C(=NCy)CH 2 Ar (two isomers; Ar = C 6 H 5 , p- C 6 H 4 C1, />-C 6 H 4 OCH 3 ); 
and C 5 H 5 Mo(CO) 2 (CNR)CH 2 C 6 H 3 (R = Bu', 2,6-dimethylphenyl) (166, 
167) were described earlier (Section III,A). Sato and co-workers (135) 
prepared several complexes of the formula triphenylene-Cr(CO) 2 L 
(L = various phosphines and CNC 6 H 3 ), which are analogous to arene- 
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Cr(CO) 2 CNR complexes described earlier by Strohmeier et al. (referred to 
in ref. 90). King and Efraty (82) report the synthesis of (C 6 H,) 2 ECH 2 CH 2 - 
NC (L) (E = P, As) and their reactions with Cr(CO) 6 to give L 4 Cr 3 (CO) 12 , 
having postulated structures involving three Cr(CO) 4 units with terminal 
and bridging L groups. 

Aumann and Fischer (7), as part of a larger project on carbene-metal 
complexes, have investigated the reaction of Cr(CO) 5 C(OCH 3 )CH 3 and 
cyclohexyl isocyanide. They describe an initial 1:1 adduct of these reagents, 
to which they ascribe structure (XX); it is interesting to note that neither 

ch 3 o 

\ /C 6 H„ 

CHj—C^: -pN 

OC^ li/CO 

Cr¬ 

oc ^ I ^co 

8 

(XX) 


carbonyl nor carbene are displaced in this reaction in contrast to reactions of 
some bases with this complex. This intermediate then can undergo a variety 
of reactions including the reactions with acids and base shown below 
[Eq. (19)]. Aumann and Fischer (7) also report, without experimental detail, 


Cr(CO)jC(CHj)OCHj 



Cr(CO) 5 CC^| 


1 ’ y 2 . EtjN 

Cr(CO)jC(NHCsHn)lC=CHj)OCHj} 


\CH,OH 

Cr(CO)jC(NHC t H,,) C(OCHj) 2 CH 3 


Cr(CO) s C(NHC s H n )COCHj 


that pyrolysis of the carbene complex Cr(CO) s C(NHC 6 H n )COCH 3 gives 
Cr(CO),CNC 6 H n . This may be an interesting observation, in that it 
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appears to be the reverse of the well-documented addition reactions of 
various substances R'H (R' = RO-, RS-, RNH-, etc.) to isocyanides. 

The reaction of hydroazoic acid and [N(CH 3 ) 4 ][Cr(CO) 5 {COCH 2 Si- 
(CH 3 ) 3 }] might also be noted at this point (44). This reaction gives 
Cr(CO) 5 CNCH 3 and Cr(CO) 5 NCCH 3 , the former in larger quantity. 
It is suggested that this reaction involves a Schmidt-type rearrangement. 

Kelly et al. ( 79,80) observed that methyl isocyanide was reduced by nitro¬ 
gen-fixing bacterial systems giving primarily methane, with a little ethylene 
and ethane. The subject of nitrogen fixation is being actively studied by a 
number of groups, of course, and several model systems which are active in 
the fixation of nitrogen have been reported (138, 157). The ability of these 
model systems to reduce isocyanides in the same manner as bacterial systems 
has been reported. Generally the model systems utilize a metal salt (MoCl s , 
Mo(acetylacetonate) 3 , TiCl 3 , FeCl 3 , etc.) and a strong reducing agent 
(Mg, sodium naphthalenide, Na 2 S 2 0 4 ). The molybdenum-containing 
systems are very effective for these reductions. 

Several papers have appeared recently comparing various properties of 
carbonyl metal complexes substituted by various phosphines or phosphite 
ligands or isocyanides. Angelici and Ingemanson (4) studied the equilibrium 

AmW(CO)s + L ^ Am + LW(CO) s 
Am = several amines 

and found that the equilibrium constants for these systems decreased in the 
order PBu 3 > P(OCH 2 CH 2 ) 3 CCH 3 > P(OBu) 3 > PPh 3 > • • • > P(OPh) 3 > 
p-CNC 6 H 4 OCH 3 . This is, of course, the same as the order of decreasing 
basicities of L, from which these authors conclude that the ^-bonding ability 
of the ligand appears to have the greatest influence over this trend. Gutten- 
berger and Mueller (63) studied the infrared spectra of metal carbonyl 
complexes of various ligands including cyclohexyl isocyanide (and also 
C 6 H 5 CN, dimethyl sulfoxide, and ethylene sulfite). An order of 7r-donor 
strengths for the metal groups was ascertained by observing the changes in 
the value of v CN (or v NC and v so for the other ligands). This trend in v CN for 
the isocyanide series is shown in Table IV. 

Innorta, Distefano et al. (53, 72) have reported first ionization potentials 
for a series of M(CO),L complexes (L = various phosphines and RNC) 
and find a linear correlation between these values and the ligand ionization 
potentials; and they report calculations of these ionization potentials using 
an equivalent orbital method. 
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TABLE IV 

kcn for Several Cyclohexyl Isocyanide 
Metal Complexes 


Metal group, 

L„M in L„M(CNC 6 H u ) 

(cm ‘) 

Fe(CO)„ 

2186 

Cr(CO) s 

2168 

Mo(CO) 3 

2167 

(free CNC ( H„) 

(2158) 

W(CO) 5 

2141 

CjH s Mn(CO), 

2120 

C 6 H 6 Cr(CO) 2 

2083 

C 6 H 3 (CH 3 ) 3 Cr(CO), 

2044 

C 6 (CH 3 ) s Cr(CO) 3 

2005 


B. Group VIIB 

Remarkably little work on isocyanide derivatives of the Group VIIB 
metals had appeared, apart from extensive studies on the M(CNR) 6 n+ 
(« = 1, 2) complexes, when Malatesta and Bonati (90) reviewed this subject. 
Only one study of any depth had been reported. Joshi, Pauson, and Stubbs 
(70) observed that the reactions of phenyl isocyanide and the manganese 
pentacarbonyl halides give different products depending on the nature of 
the halide, and on the solvent used. They reported the following products: 
[Mn(CNC 6 Hj) 6 ]Cl from Mn(CO)jCl and C 6 HjNC in tetrahydrofuran; 
Mn(CO)(CNC 6 H 5 ) 4 I from Mn(CO) 5 I and this isocyanide in the same 
solvent; and four different products, Mn(CO) 3 (CNC 6 H 5 ) 2 Br (refluxing 
ethanol), Mn(CO) 2 (CNC 6 H 5 ) 3 Br (diglyme, 100° C), and a mixture of 
Mn(CO)(CNC 6 H,) 4 Br and Mn(CNC 6 H,) 5 Br (refluxing tetrahydrofuran) 
from Mn(CO)jBr and phenyl isocyanide. 

Recently a further study of these reactions has been described (154). 
The compound originally characterized by Joshi et al. as Mn(CNC 6 H 5 ) 5 Br 
was shown to be a mixture of [Mn(CNC 6 H,) 6 ]Br and [MnCO(CNC 6 - 
H 5 ) 5 ]Br, by analyses and conductivity data. The white color reported for 
this complex is in accord with this new formulation; all of the other covalent 
complexes are yellow or gold. In view of the incorrect characterization of 
this complex, the isolation of the new complex Mn(CNC 6 H 5 ) 5 Cl from 
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Mn(CO) 5 Cl and CNC 6 H 5 was particularly interesting. This compound 
was not reported by Joshi et al. (70). 


TABLE V 

The Reaction of Manganese Carbonyl Halides with CNC 6 H, and CNCH 3 
(Tetrahydrofuran) 0 


Reactants 

Reaction conditions 

Product 

Mn(CO),Cl + CNC 4 H s (L) 

Reflux,4 hr 

Mn(CO)L 4 Cl (30%) 
MnLjCI (30%) 


Reflux, 3 days 

[MnL 6 ]Cl 

Mn(CO) 5 Br + CNC 6 H,(L) 

Reflux,6 hr 

Mn(CO)L 4 Br (90%) 
[Mn(CO)L,]Br (2%) 
[MnLJBr (2%) 

Mn(CO) } I + CNC 6 H 5 (L) 

Reflux, 3 hr 

Mn(CO)jLjI (50%) 
Mn(CO)jLjI (15%) 


Reflux, 4 days 

Mn(CO)L 4 I (50%) 
[MnL*]I (25%) 

Mn(CO)jBr + CNCHj(L') 

Room temp. 48 hr 

Mn(CO)jL'jBr (63%) 


Reflux, 6 hr 

Mn(CO)jL'jBr (85%) 


Reflux,24 hr 

Mn(CO)jL'jBr (40%) 
Mn(CO)L' 4 Br (12%) 
[Mn(CO)L' 5 ]Br (18%) 

Mn 2 (CO),Br, + CNCHj(L') 

Room temp. 3 hr 

Mn(CO) 4 L'Br 


* From ref. ( 154 ). 


Information on product distributions (Table V) (154) for each reaction 
suggests that these reactions are not nearly so straightforward as suggested 
by Joshi et al. Obviously the time of the reaction is an important factor in 
determining the degree of substitution. Apart from the comments above, 
the discrepancies between the two references (69, 154) largely involves 
kinetics, and since neither group sought to carry out this study with suffici¬ 
ently rigorous conditions to make a. rate comparison possible, it is not 
appropriate to elaborate on the differences. 

The reaction of Mn(CO),Br and methyl isocyanide was also carried out 
(Table V); the products are analogous to those obtained from phenyl 
isocyanide and the manganese complex. 

A crystal structure study on /ac-Mn(CO) 3 (CNCH 3 ) 2 Br has been done 
(133). 
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Mixed methyl isocyanide carbonyl manganese(I) cations [Mn(CO) 6 _ Jt L J( ]- 
PF 6 (L = CNCH 3 ) were prepared by the standard method (154). The 

2. PF 6 - 

MnCCOJj-.L^Br + CO + A1C1 3 -»■ [Mn(CO) 6 - I L J1 ]PF 4 

cationic complexes of manganese can be oxidized electrochemically. The 
data given in Table I were obtained by Treichel and Dirreen (154). 

Several comments on these data were presented earlier (Section II). 
One might make two further observations here. First, there is a general trend 
to higher E l/2 values which is seen with progressive replacement of isocyan¬ 
ides by carbonyls. This means that these species are progressively less easy to 
oxidize. Second, a further oxidation for the complexes with 0, 1, and 2 
carbonyls is observed. This oxidation was believed to be associated with the 
process MnL 6 2+ ->MnL 6 3+ . 

The chemical oxidation of [MnL 6 ]Y is well known. These voltammetric 
data suggested some of the other species might be successfully oxidized; 
indeed [Mn(CO)(CNCH 3 ) 5 ]PF 6 was found to be oxidized to [Mn(CO)- 
(CNCHj) 5 ](PF 6 ) 2 by nitric acid (154). The expected shift of v co and v CN 
to higher frequencies in the dication is noted. Chemical oxidation to an 
MnL 6 3+ species could not be accomplished, however. 

It is also appropriate to observe the substantial difference in ease of 
oxidation between phenyl and methyl isocyanide complexes, which has 
obvious chemical implication. This may perhaps be rationalized on the 
basis that phenyl isocyanide is a better rr-acceptor than methyl isocyanide. 
This conclusion had previously been reached by infrared studies (see Section 
II} . 

A number of other manganese isocyanide complexes have also been 
reported. Dimanganese decacarbonyl and methyl isocyanide (L) react in 
refluxing glyme to give Mn 2 (CO) 7 L 3 and a second product, still uncharac¬ 
terized (154). Trifluoroacetylmanganese pentacarbonyl and methyl iso¬ 
cyanide upon refluxing in tetrahydrofuran give a mixture of CF 3 Mn(CO) 4 L 
and CF 3 COMn(CO) 3 L 2 (153). This reaction may be compared to the 
report (69) that reactions of phenyl- or methylmanganese pentacarbonyl 
and phenyl isocyanide fail to give alkyl or aryl manganese complexes, 
yielding instead, Mn^CO^o^CNCgHj), (* = 1, 2). 

Walker and Mawby (161) have studied reactions of Tr-arene-Mn(CO) 2 CN 
(arene = mesitylene, C 6 H 6 ) with HBF 4 to give Tr-arene-Mn(CO) 2 CNBF 3 , 
and with [(C 2 H 5 ) 3 0]BF 4 and [Ph 3 C]BF 4 , to give the [Tr-arene-Mn(CO) 2 - 
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CNR] + species (R = C 2 H 5 and -CPh 3 ). They also observe that BF 3 will 
coordinate with the nitrogen of cyano group to form ir-arene-Mn(CO) 2 - 
CNBF 3 ; the ligand group [CNBF 3 ] - is isoelectronic to CNCF 3 . Treichel 
and Smith (152) have observed that one or two carbonyls in [C 6 H 6 Mn- 
(CO) 3 ]PF 6 are replaced by methyl isocyanide (L) to give [C 6 H 6 Mn(CO) 3 _ ;c - 
LJPF 6 . A hydrogen isocyanide derivative of C 5 H 5 Mn(CO) 3 has also been 
reported; this compound, C 5 H 5 Mn(CO) 2 CNH, is formed on protonation 
of [C 5 H 5 Mn(CO) 2 CN]~ (56). The mass spectrum of C 5 H 5 Mn(CO) 2 - 
CNC 6 H n is reported (101). 

Mono-substituted derivatives of [C 5 H 5 Mn(NO)(CO) 2 ] + (32) and di- 
substituted (20, 146) derivatives of [CH 3 C 5 H 4 Mn(NO)(CO) 2 ] + have been 
prepared by direct reactions of the isocyanide and [C 5 H 5 Mn(NO)(CO) 2 ] + 
or [CH 3 C 5 H 4 Mn(NO)(CO) 2 ] + . Brunner and Schindler (32) observe vari¬ 
ations of v co and v NO for the series [C s H s Mn(NO)(CO)L] + (L = phos¬ 
phines, and cyclohexyl isocyanide) in the order CNC 6 H U > P(OPh) 3 - 
> ••• > (PPh 3 ) 3 > PBu 3 . Reactions of the mono- and disubstituted 
complexes with pentafluorophenyllithium (20,146), and of the disubstituted 
species with borohydride (148) were noted above. 

Matteson and Bailey (94) have prepared several vinyl isocyanide 
complexes, Mn(CNCH=CH 2 ) 6 + , Cr(CNCH=CH 2 ) 6 , and Co- 
(CNCH=CH 2 ) 5 + . They have also studied the electron exchange reactions 
(95) MnL 6 + ^ MnL 6 2+ + e (L = EtNC, terf-BuNC, CH 2 =CHNC, 
PhNC) by s5 Mn NMR, observing that the rate of exchange for the tert- 
BuNC complex is less than the rate for the less bulky EtNC ligand complex. 
They also note that [Mn(CNCH=CH 2 ) 6 ] 2+ is orange-red, and [Mn- 
(CNPh) 6 ] 2+ is an intense purple in contrast to the pale pink color of 
analogous alkyl isocyanide species. Both phenyl and vinyl isocyanide 
complexes are diamagnetic; dimeric structures are suggested to account 
for this fact. 

The only study on rhenium involves the alkylation of Ag 4 Re(CN) 6 and 
Ag 3 Re(CN) 5 H 2 0 with CH 3 I in methanol, 85° C (134). The former reaction 
is said to give a compound, Re(CH 3 NC) 4 (CN) 2 , which occurs in two forms, 
as a brown solid and as white crystals. Both forms are weakly paramagnetic, 
with magnetic moments of 0.45 and 0.47 BM. The latter reaction gives dark 
brown, solid [Re(CH 3 NC) 5 H 2 0]I -4AgI, which with nitric acid gives the 
complex [Re(CH 3 NC) 5 H 2 0]I 2 , a red crystalline substance. Presumably 
these are isocyanide complexes rather than nitrile complexes as written in 
this reference. 
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Rhenium isocyanide complex chemistry has not been nearly so extensively 
studied as that of other elements and so further efforts are obviously 
necessary. 


C. Iron, Ruthenium, and Osmium 

Reactions of the ferrocyanide ion with alkylating agents, and reactions of 
iron(II) salts with alkyl or aryl isocyanides, have led to complexes of several 
types including [FeL 6 ] 2+ , [FeL 5 X] + , as- and tranr-FeL 4 (CN) 2 and 
FeL 4 X 2 ; this chemistry is reviewed by Malatesta and Bonati (90). There has 
been some extension of this work. 

A reinvestigation of the presumed square-planar complexes [FeL 4 ]- 
(C10 4 ) 2 has been carried out by Bonati and Minghetti (24). These complexes 
had previously been reported to be formed from anhydrous Fe(C10 4 ) 2 and 
several aryl isocyanides (113). Repetition of the reaction of p-tolyl isocyanide 
and Fe(C10 4 ) 2 failed to duplicate this observation, however. The products 
of this reaction depended on the conditions employed; and included 
[FeL 6 ](C10 4 ) 2 , from the reaction run without solvent; [FeL 5 0C10 3 ]- 
C10 4 *H 2 0, from the reaction in methylene chloride; [FeL 5 (H 2 0)](C10 4 ) 2 
and [FeL 6 ](C10 4 ) 2 when methanol was used as solvent. The formation of 
the hexakis(aryl isocyanide)iron(II) complex is of interest in that similar 
reactions of other iron salts with anions more capable of coordination to the 
metal give FeL 4 X 2 . The a-bonded perchlorate group in [FeL 5 0C10 3 ]C10 4 
is believed to be ionized in solvents such as CH 3 CN or C 6 H 5 N0 2 , according 
to conductivity and infrared data [Eq. (20)]. 

[FeLjOClOjF +solv ^ [FeL, • solv] Jt + CICV (20) 

In another attempt to obtain a [FeL 4 ] 2+ species the reaction of FeL 4 Cl 2 
and NaC10 4 in acetone was attempted; this gave [FeL 5 Cl]C10 4 , however 
(24). 

Bonati et al. (26) have utilized the lability of the a-bonded perchlorate in 
[FeL 5 0C10 3 ]C10 4 -H 2 0 to prepare a series of complexes [FeL 5 L'](C10 4 ) 2 
and [FeL 5 X]C10 4 [L = CNC 6 H M , CH 3 CN, C 6 H 5 CN, APh 3 (A = P, As, 
Sb); X = Cl, Br]; with 1,2-bis(diphenylphosphino)ethane (diphos) a 
/x-diphos complex is formed. 

The adduct of FeL 4 Cl 2 (L = p-tolylNC) and HgCl 2 (24, 89) was further 
studied; its structure in solution is suggested by Bonati and Minghetti (24) 
to be either [FeL 4 (solv.)Cl]HgCl 3 , or [FeL 4 (solv.) x ]HgCl 4 ; there is a com- 
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plicated dependence of the conductivity on concentration. These authors 
prefer the solid state structure 

XL 

FeL 4 ^ /HgCl 2 
V 

over FeL 4 (HgCl 3 )Cl, although on intuitive grounds only ; a preference for 
the latter structure is stated by Mays and Prater (96) (for the CNC 6 H 4 OCH 3 
complex, however), also without experimental evidence. 

The complex Fe(CNC 6 H 4 OCH 3 ) 4 Cl 2 • HgCl 2 in solution is quite reactive, 
with carbon monoxide or with additional isocyanide giving [FeL 4 (CO)Cl]- 
HgCl 3 or [FeL 5 Cl]HgCl 3 , respectively. However, the reaction with 
triphenylphosphine leads to precipitation of [PPh 3 HgCl 2 ] 2 and formation 
of FeL 4 Cl 2 , and reaction with SnCl 2 leads to FeL 4 (SnCl 3 ) 2 , via FeL 4 - 
(SnCl 3 )Cl, and sequential reduction of HgCl 2 through Hg 2 Cl 2 to elemental 
mercury (96). 

The reaction of stannous chloride and a'r-FeL 4 Cl 2 (L = CNC 6 H 4 OCH 3 ) 
in chloroform gives two products, m-FeL 4 (SnCl 3 )X and ciJ-FeL 4 (SnCl 3 ) 2 . 
The latter may be converted to the trans isomer by refluxing in ethanol. 
If this reaction is run in acetone with added sodium perchlorate the complex 
[FeL 5 SnCl 3 ]C10 4 can be obtained (96). 

The complexes Fe(CNR) 4 (CN) 2 (R = H, CH 3 , C 2 H 5 ) are reported to 
form 1:2 complexes with boron trihalides (65). In these complexes the 
BX 3 group coordinates to the cyanide nitrogen, giving the ligand group 
[CNBX 3 ]“. A mention of a similar complex was made earlier (161). 

A number of studies of the physical properties of the iron(II) isocyanide 
complexes have been reported. In particular, the Mossbauer spectra for 
these compounds have received much attention (13-17, 65, 91). The values 
for v CN for cis- and tranr-Fe(CNCH 3 ) 4 (CN) 2 have been measured, and 
approximate force constants calculated for these complexes using the Cotton- 
Kraihanzel approximation (21). The values for v CN for tra«r-Fe(CNR) 4 Cl 2 
(R = allyl, benzyl, o-tolyl, />-C 6 H 4 OCH 3 ) and for the ruthenium and os¬ 
mium analogs were compared and these data translated into a- and 77- 
parameters for the ligand groups (78). The electronic spectra for the iso- 
electronic species [Fe(CNCH 3 ) 6 ]Cl 2 • 3H 2 0 and [Mn(CNCH 3 ) 6 ]I were 
compared; from these data it was concluded that there is greater 77 -donation 
to the ligands in the manganese complex (55). 

A crystal structure determination on ar-Fe(CNCH 3 ) 4 (CN) 2 -4CHCl 3 
has been carried out (162). 
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Reactions of Ru(PPh 3 ) 3 Cl 2) Ru(AsPh 3 ) 2 (CH 3 OH)Cl 2 , Ru(SbPh 3 ) 3 Cl 2> 
or Ru(SbPh 3 ) 4 Br 2 with ethyl isocyanide {115) give complexes of the 
formula Ru[A(C 6 H 5 ) 3 ] 2 (CNC 2 H 5 ) 2 X 2 (A = P, As, Sb). The single v CN 
in the infrared spectrum suggests a structure with trarw-isocyanide groups. 
These complexes on heating to 240° C, or on refluxing in 2-methoxyethanol 
are converted to a second isomeric complex having two v CN absorptions; 
presumably in this isomer the isocyanides are in cis positions. 

Not surprisingly, the addition of SnCl 2 to isocyanide-halo ruthenium 
complexes has been carried out (774); the complexes m-Ru(CNC 2 H 5 ) 2 - 
(APh 3 ) 2 Cl 2 (A = P, As, Sb) add 1 mole of SnCl 2 , giving a complex believed 
to have the geometry shown in (XXI). There is a reference to Ru(CNC 2 H 5 ) 4 - 
(SnCl 3 ) 2 in this article {114). 

A paper describing this compound has just appeared (776). When yellow, 
tranr-Ru(CNC 2 H 5 ) 4 Cl 2 is treated with SnCl 2 the compound trans- 
Ru(CNC 2 H 5 ) 4 (SnCl 3 ) 2 forms. A 1:1 adduct with mercuric chloride is also 
described. The structure of this complex in the solid state is not known. In 
nitromethane a conducting solution is obtained; it is suggested to contain 
the ions [Ru(CNC 2 H 5 ) 4 (solv)Cl]HgCl 3 . 

Chatt, Melville, and Richards {36) carried out a number of reactions of 
Os(PR 3 ) 3 C1 3 and a reducing agent (Zn) in the presence of various ligands. 
Using methyl or phenyl isocyanides, two isomers having the formula 
Os(PPhMe 2 ) 3 (CNR)Cl 2 (R = CH 3 , C 6 H 5 ) were formed; from the triethyl- 
phosphine compound, the Os(PEt 3 ) 2 (CNCH 3 ) 2 Cl 2 complex was obtained. 
Stereochemistries were assigned on the basis of the PMR spectra. The 
compound Os(PPhMe 2 ) 3 (CNCH 3 )Cl 2 was oxidized by chlorine to a 
paramagnetic monocation. 

An additional report on an osmium isocyanide complex is found in 
conference abstracts {78). 

Less has been done on the isocyanide derivatives of the iron carbonyls. 
However, several interesting references to isocyanide-substituted cyclo- 
pentadienyliron dicarbonyl dimers have appeared. The first report (70) 
was on (C 5 H 5 ) 2 Fe 2 (CO) 3 CNC 6 H 5 , which arises as a minor product from 
the borohydride reduction of C 5 H 5 Fe(CO)(CNC 6 H 5 )I. A crystal structure 
determination (77) by X-ray diffraction showed that the isocyanide ligand 
in this complex occupied a bridging position, confirming the structure 
predicted by infrared data. More recently Yamamoto and Hagihara {168) 
reported that the analogous cyclohexyl, tert- butyl, and benzyl isocyanide 
complexes may be formed by direct reaction of the isocyanide with 
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[CjH 5 Fe(CO) 2 ] 2 . The infrared spectrum of the benzyl isocyanide complex 
suggests that in the solid state the isocyanide is also in a bridging position 
but in benzene solution there is an equilibrium between this isomer and a 
second isomer with a terminal isocyanide ligand. The methyl isocyanide 
analog, also formed by the direct reaction of [C 5 H,Fe(CO) 2 ] 2 and CNCH 3 
(146) or by reduction of [C 5 H 5 Fe(CO) 2 CNCH 3 ]PF 6 (140), appears to exist as 
the nonbridged isomer only. However, it readily rearranges on protonation 
to [(C 5 H 5 ) 2 Fe 2 (CO) 3 CNHCH 3 ] + , which has a bridging ^CNHCH 3 group. 

The crystal structure of an interesting complex, HFe 3 (CO) 10 CN(CH 3 ) 2 , 
has been reported (59). This species, which arises from the reaction of 
Fe 3 (CO) 12 and C 6 H 5 C0C1 in dimethylformamide, has structure (XXII). 
This compound can be viewed as a derivative of the anion Fe 3 (CO) 10 - 
(/*-CNCH 3 )H~, analogous to Fe 3 (CO) u H - . No doubt such an anion (as yet 
unknown) would be extremely basic, and readily alkylated. 

The borohydride reactions (148) with [C 5 H 5 Fe(CO) 3 _ x (CNCH 3 ) ;( ]PF 6 
(x = 2,3) have been noted above, as have the reactions of pentafluorophenyl- 
lithium with these species (x = 1, 2, 3) (143, 146). 

Angelici and Charley (5) observed that methyl- and ethylamines add to 
one isocyanide ligand in [C 5 H s Fe(CNC 6 H 4 OCH 3 ) 3 ] + , and methylamine 
adds to one isocyanide in [C 5 H 5 Fe(CO)(CNCH 3 ) 2 ] + (3), giving amidinium 
complexes. In addition, the reactions of hydrazine and methylamine with 
[Fe(CNCH 3 ) 6 ] 2+ have been carried out (99). This work is discussed in 
Section III,C. 

The synthesis of Fe(CO) 4 CNC 6 H n from Fe(CO) s and cyclohexyl 
isocyanide upon ultraviolet irradiation has been reported (142) as has the 
synthesis of Fe(CO) 3 (CNtol) 2 and Fe(CO) 4 (CNtol) from Fe(CO) 5 and 
tol-N=PPh 3 (2a). 

Iron pentacarbonyl has been shown to be a catalyst for the reaction of 
organic azides with isocyanides, giving carbodiimides (127) [Eq. (21)]. 

[Fe(CO)j) 

RNC + RNj -► RN=C=NR + N 2 (21) 

This reaction may involve an isocyanide metal complex as an intermediate 
species. 

Until the appearance of a recent communication (37), no zero-valent 
ruthenium isocyanide complexes had been described. The synthesis of these 
complexes was accomplished by a lengthy reaction sequence, which was 
necessary since simple reactions such as substitution of a ligand in 
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Ru(CO) 3 (PPh 3 ) 2 with RNC, and reduction of Ru(CNR) 2 (PPh 3 ) 2 Cl 2 were 
unsuccessful. The synthesis began with Ru(CO)(PPh 3 ) 3 (H)Cl in which an 
isocyanide was readily substituted for a phosphine; after successive treat¬ 
ment with AgC10 4 and a ligand (CO or PPh 3 ) one gets a cationic hydride 
complex which can be deprotonated [Eq. (22)]. In this fashion the zero- 

CNC6H4CH3 AgCIO, 

Ru(CO)(PPhj)j(H)Cl ---* Ru(CO)(CNC 6 H 4 CH 3 )(PPh 3 ) 2 (H)Cl -* 

L = CO or PPhj 

Ru(CO)(CNC 6 H 4 CH j)(PPh 3 ) j(H)0C10 3 -* 

[Ru(C0)(L)(CNC 6 H 4 CH 3 )(PPh 3 ) 2 H]C10 4 Ru(CO)(L)(CNC 6 H 4 CH 3 )(PPh 3 ) 2 

(22) 

valent complexes Ru(CO) 2 (CNC 6 H 4 CH 3 )(PPh 3 ) 2 and Ru(CO)(CNC 6 - 
H 4 CH 3 )(PPh 3 ) 3 are obtained. The structures of these compounds are 
assumed to be (XXIII) and (XXIV). 

This proton transfer reaction is not fast, and it is suggested that this may 
be a more complicated reaction than was anticipated, perhaps occurring 
by initial addition of OH - or OR - to the metal followed by H 2 0 or ROH 
expulsion. In support of this is the isolation of a complex Os(CO)- 
(CNC 6 H 4 CH 3 )(PPh 3 ) 2 (H)OR from an analogous reaction sequence. (This 
is the only reference yet to any osmium carbonyl-isocyanide chemistry.) 
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Reprotonation of Ru(CO) 2 (CNR)(PPh 3 ) 2 gives Ru(CO) 2 (CNR)(PPh 3 ) 2 - 
H + , which is an isomer of the previously described compound. The probable 
structures of the original isomer (XXV) and the second isomer (XXVI) 
are shown above. 


D. Cobalt, Rhodium, and Iridium 

A number of chemists have been interested in the chemistry of cobin- 
amine and cobaloxime complexes of several ligands including isocyanides. 
Ablov et al. ( 1) have prepared a number of complexes CoX(DH) 2 L, where 
X = Cl, Br, I, N0 2 and L = CNC 6 H 5 and CNC 6 H,,; and DH = dimethyl- 
glyoximate; they also described analogous a-benzyldioximine complexes 
(2); see (XXVII). Herlinger and Brown (66) observed the formation of 
methylcobaloxime complexes CH 3 Co(DH) 2 CNCH 3 and CH 3 Co(DH) 2 CO; 
the methyl isocyanide complex is stable and does not undergo ligand ex¬ 
change. The v CN frequency for the coordinated ligand in the methyl iso¬ 
cyanide complex is 2231 cm -1 vs. 2169 cm" 1 for the free ligand, indicating 
that there is little 7r-bonding to the isocyanide in this complex. The values of 
v CN increased on coordination for the halo-cobaloxime species also, by 
about 100 cm -1 ( 1 ). 

Schrauzer and Lee (136, 137) have studied the reaction of cyclohexyl 
isocyanide with the reduced form of vitamin B 12 (B l2r ); they find that this 
ligand will displace the 5,6-dimethylbenzimidizole group. Using the reduced 
form of cobaloxime (cobaloxime-II) as a model for the more complicated 
vitamin B l2r complex, they further extend this study. The presumably 
associated [O^DH^]* coordinates with one or two molecules of bases such 
as cyclohexyl isocyanide, the position of the equilibrium between the mono- 
and di-adducts being dependent on the free ligand concentration. The 
complex [Co(DH) 2 CNC 6 H, 3 ] x , was isolated; it has a low magnetic moment 
(0.22 BM), suggesting association (dimerization) as a solid. In solution 
in DMF the molecular weight appears appropriate for a monomer but in 
1,1-dichloroethylene this value is between that expected for monomer and 
dimer. 

The [Co(DH) 2 L] complexes react with oxygen (137) to give /x-peroxo 
complexes LCo(DH) 2 -0 2 -Co(DH) 2 L, isolated using several ligands (not 
isocyanides however). These adducts are labile, and oxygen is easily lost. On 
standing these complexes can undergo oxidation, however, to |u-superoxo 
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X 



L 


(Cobaloximes, R = CH 3 ; ot-benzyldioximines, R = C 6 H 5 ) 
(XXVII) 


II 


CHj 

(XXVIII) 


complexes which decompose to monomeric peroxo radical species Co- 
(DH) 2 L(0 2 ). The ESR spectrum of one of the latter species (L = CNC 6 H n ) 
is recorded. 

The cobalt(II) isocyanide complexes [Co(L) s ](C10 4 ) 2 are capable of co¬ 
ordinating to a sixth ligand (90). There is a recent report further document¬ 
ing this behavior. From blue [Co(CNC 6 H 5 )jH 2 0](C10 4 ) 2 , water can be 
displaced by another phenyl isocyanide to give orange [Co(CNC 6 H 5 ) 6 ]- 
(C10 4 ) 2 which is stable only at —50° C or lower. The ESR spectrum of this 
complex was recorded (76). 

The displacement of an isocyanide ligand in [Co(CNCH 3 ) 3 ] 2+ (blue, 
paramagnetic form) with acetylenes (CH 3 OCOC=CCOOCH 3 , CH 3 C= 
CCOOCH 3) and C 6 H 5 C=CH) has also been noted. The paramagnetic 
maroon solid, [Co(CNCH 3 ) 4 C 2 (COOCH 3 ) 2 ][B(C 6 H 5 ) 4 ] 2 , was isolated and 
assigned structure (XXVIII) (75). 

Mixed phosphine isocyanide complexes [Co(CNR) 3 phos 2 ] + and [Co- 
(CNR) 4 diphos] 3+ , (the former were alluded to earlier (ref. 90, p. 185)), are 
reported to be obtained from Co(phos) 2 Cl 2 and isocyanides (50). A vinyl 
isocyanide complex [Co(CNC 2 H 3 ) 5 ] + is reported (94). 

Several ESR studies of various cobalt(II) isocyanide complexes have been 
carried out (77, 81,88). A Raman and infrared spectral study on [Co(CNR) s ]- 
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C10 4 and on [Co 2 (CNR) 10 I](C1O 4 ) 3 (R = CH 3 , C 2 H 5 ) has been reported 
(28). The proposed structure for the latter complex, involving a linear 
Co—I—Co group, is supported by these data. The ultraviolet-visible 
spectra for [Co(CNCH 3 ) 5 ]C10 4 has been studied (51). The crystal structure 
determination of fraws-Co(CNC 6 H 4 CH 3 ) 4 I 2 has been completed (58). 

Yamamoto and Hagihara (165) observed that the reaction of Co 2 (CO) 8 
and CNC 6 H,, in wet carbon tetrachloride gives CoL 4 C1 2 , CO, and 
Cl 2 CHCONHC 6 H|,; in methanol the organic product C 6 H,,NC = C- 
(0CH 3 )CHC1 2 is obtained instead of the amide. They suggest that the 
reaction initially gives [CoL 5 ][Co(CO) 4 ], a valence disproportionation 
reaction observed with isocyanides (90) and with many other ligand groups; 
this complex then catalyzes the reaction of CC1 4 and CNC 6 H n to give 
RN=C=CX 2 , which adds H 2 0 (or methanol) to give the observed products. 

The polymerization of allenes by [Rh(CO) 2 Cl] 2 and a ligand (phosphines, 
arsines, amines, isocyanides) (175) and the polymerization of cyclohexyl 
isocyanide by Co 2 (CO) 8 (173) have been reported. 

The most interesting work on the isocyanide complexes of the elements 
in this subgroup has been done with rhodium and iridium. For the most 
part, the work is involved with the oxidative addition reactions of d* 
square-planar metal complexes. 

The preparations of a number of rhodium(I) complexes of isocyanides, 
some of them new, have been described. The newtetrakis(methyl isocyanide) 
complex, [Rh(CNCH 3 ) 4 ] + , was isolated as salts of various anions from 
reactions of RhCl 3 -3H 2 0 or [(l,5-C 8 H 12 )RhCl] 2 and this isocyanide ligand 
(11), and several [Rh(CNR) 4 ] + alkyl and aryl isocyanide complexes 
(R = Bu', Pr‘, C 6 H n , p-C 6 H 4 C1, />-C 6 H 4 CH 3 , and />-C 6 H 4 OCH 3 ) have 
been prepared starting with [Rh(CO) 2 Cl] 2 (50). The iridium complex 
[Ir(CNBu') 4 ]Cl was obtained from Ir(cyclooctene) 2 (CO)Cl (50) and 
tert-butyl isocyanide. 

If RhCl 3 • 3H 2 0 and methyl isocyanide are reacted under mild conditions, 
and then I - added, the rhodium(III) isocyanide complex Rh(CNCH 3 ) 3 I 3 
is obtained (11). 

Several phosphine-isocyanide complexes of rhodium(I) and iridium(I) 
are also described. The complex Rh(PPh 3 ) 2 (CNCH 3 )Cl is obtained from 
Rh(PPh 3 ) 3 Cl and CNCH 3 (11). Addition of isocyanides to M(PPh 3 ) 2 (CO)Cl 
(M = Rh, Ir) gave either [M(PPh 3 ) 2 (CNR) 3 ]Cl (R =/>-C 6 H 4 CH 3 ) or 
[M(PPh 3 ) 2 (CNR) 2 ]CI (R = Bu') or a mixture of both (R = Pr', p-C 6 H 4 Cl); 
the four-coordinate complex was slowly converted to the five-coordinate 
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species on prolonged contact with excess isocyanide (50). Four-coordinate 
complexes of the latter type had been known before (90). 

Oxidative additions to [M(CNR) 4 ]Y, [M(CNR) 2>3 (PPh 3 ) 2 ]Y, and to 
Rh(PPh 3 ) 2 (CNCH 3 )Cl have been carried out. The complex Rh(PPh 3 ) 2 - 
(CNCH 3 )C1, reported to be more reactive than the analogous carbonyl 
complex, adds iodine, HgCl 2 , tetracyanoethylene, and oxygen. The oxygen 
addition is reversible and the complex was not isolated (11). However, it 
appears that analogous oxygen complexes, RhL 2 (CNR)X -0 2 (X = Cl, Br, 
I; L = PPh 3 , AsPh 3 ; R = C 6 H M , p-C 6 H 4 CH 3 , Bu r ), are isolable (102). 
The complexes [M(CNCH 3 ) 4 ]BPh 4 also undergo addition reactions to give 
[Rh(CNCH 3 ) 4 XY]BPh 4 ; adducts of iodine and methyl iodide have been 
isolated (11). Analogous reactions (50) with complexes [Rh(CNR) 4 ]PF 6 
(using several other isocyanides) have been carried out with C 3 F 7 I, CH 3 I, 
I 2 , Br 2 , CH 3 COCl, allyl chloride, HgCl 2 , SnCl 4 , Sn(C 6 H,) 3 Cl, and BrCN. 
With NOPF 6 the cation [Rh(CNR) 4 NO] 2+ is formed. The chloride salts 
[Rh(CNR) 4 ]Cl reacted differently with X 2 , giving [Rh(CNR) 2 X 2 Cl] 2 , 
presumed to be analogous to [Rh(CO) 2 Cl 3 ] 2 . 

The mixed phosphine isocyanide complexes also undergo oxidative 
addition reactions, but the reactions were somewhat less predictable (50). 
The four-coordinate species [Rh(PPh 3 ) 2 (CNR) 2 ] + gives a methyl iodide 
adduct [Rh(PPh 3 ) 2 (CNR) 2 (CH 3 )I] + . However, the five-coordinate species 
[Ir(PPh 3 ) 2 (CNR) 3 ] + reacted with halogens, with phosphine elimination, to 
form sequentially [Ir(PPh 3 ) 2 (CNR) 3 X] 2 *, [Ir(PPh 3 )(CNR) 3 X 2 ] + , and 
[Ir{(CNR) 3 X 2 } 2 ] 2+ . The analogous tert -butyl and isopropyl isocyanide 
complexes with methyl iodide gave [Ir(PPh 3 )(CNBu') 3 (CH 3 )I] + and 
[Ir(PPh 3 ) 2 (CNPr‘) 2 (CH 3 )I] + , respectively (50). With allyl chloride the 
t-butyl isocyanide complex gave a mixture of the two types of complexes. 

Additions of tetracyanoethylene (TCNE) to [Rh(PPh 3 ) 2 (CNC 6 H 5 ) 2 ]Cl 
and to [Rh(CNC 6 H 5 ) 4 ]Cl gave Rh(PPh 3 )(CNC 6 H 5 ) 2 (TCNE)Cl, and 
Rh(CNC 6 H 5 ) 3 (TCNE)Cl. The complex Rh(CO)(/>-CNC 6 H 4 OCH 3 ) 2 Cl 
reacts with TCNE with carbonyl expulsion to give Rh(TCNE)(p-CNC 6 - 
H 4 0CH 3 ) 2 C1, which can then add 1 mole of pyridine (29). 

The five-coordinate iridium complexes may be protonated by glacial 
acetic acid, yielding [Ir(PPh 3 ) 2 (CNR) 3 H] 2+ ; the structure of this complex is 
determined by PMR measurements to be (XXIX). However, in the analo¬ 
gous HC1 reaction [Ir(PPh 3 ) 2 (CNR) 2 Cl 2 ] + is obtained. The reaction of 
[Ir(PPh 3 ) 2 (CNR) 3 ] + with methanol also proved quite out of the ordinary, 
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RNC^ | H 
PPh 3 


- Rh \ r /OR 


(XXIX) 


(XXX) 


giving [Ir(PPh 3 ) 2 (CNR) 3 (OCH 3 )] 2+ . It is suggested that this reaction (and 
also the HC1 reaction) occurs with initial protonation, followed by nucleo¬ 
philic attack with OCH 3 - (or Cl - ), and elimination of H + and phosphine 
or isocyanide (50). This would not account for the oxidation occurring, 
however (i.e., elimination of H + from [Ir(PPh 3 ) 2 (CNR) 3 (H)(OCH 3 )] + 
would give [Ir(PPh 3 ) 2 (CNR) 3 OCH 3 ]°, not [Ir(PPh 3 ) 2 (CNR) 3 (OCH 3 )] 2+ ). 
An alternative [Eq, (23)] might be 

Ir(PPh 3 ) 2 (CNR) 3 + [Ir(PPh 3 ) 3 (CNR) 3 H] I+ 

[Ir(PPh 3 ) 2 (CNR) 3 OCH 3 ] J+ + H,( ?) (23) 


There may be a similarity in these reactions with iridium and those 
reported with ruthenium and osmium (37). In the reactions of [Ru(PPh 3 ) 3 - 
(CNR)(CO)H] 1 or [Ru(PPh 3 ) 2 (CNR)(CO) 2 H] + with OH - or OR - the 
nucleophile is suggested to replace a ligand to give an initial product which 
then eliminates H 2 0 or ROH. The important fact here is that the attack of 
OR - or OH - at the metal has some precedent for these second and third 
transition series metals, whereas such reactions are improbable for metals 
of the first transition series. This reaction is also not analogous to that 
observed with the related carbonyl complex, for which ligand attack by 
OCH 3 - occurs, giving Ir(PPh 3 ) 2 (CO) 2 COOCH 3 . 

One should also note the hydrolysis of Rh(PPh 3 ) 2 (CNCH 3 )Cl, which 
gives Rh(PPh 3 ) 2 (CO)Cl (11). This reaction is suggested to occur by addition 
of H 2 0 to the coordinated isocyanide followed by elimination of methyl- 
amine [Eq. (24)]. 


Rh(PPh 3 ) 2 (CNCHj)Cl + H z O 



Rh(PPh 3 ) 2 (CO)Cl + CHjNHj 
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As the reaction of metal-carboxamido complexes (e.g., [Pt(PPh 3 ) 2 - 
(CNCH 3 )(CONHCH 3 )] + ) with proton donors proceed in the same way 
-+[Pt(PPh 3 ) 2 (CNCH 3 )(CO)] 2+ (147) the product of this reaction is not 
unexpected. One notes that relatively severe conditions are employed in this 
reaction (11). 

Alcohol adds to the coordinated isocyanide in Rh(PPh 3 ) 2 (CNCH 3 )Cl 
to give the complex (XXX) (11). 

The reactions of the iridium hydride complexes IrL 2 H 5 (L = PEt 3 , 
PPhEt 2 ) with various ligands including isocyanides (L') give primarily 
mer- IrL 2 (L')H 3 , along with a small amount of the fac isomer (92, 93). 
However, the same reaction with L = AsPh 3 is said to give the fac isomer 
only (6). 


E. Nickel, Palladium, and Platinum 

The most extensive study of isocyanide complexes of any group of 
metals has been accorded to these three metals, and a particularly elaborate 
chemistry has thus evolved. The extent of this work is all the more striking 
because very little work of outstanding interest had appeared up to about 
five years ago. At that time numerous complexes were known (90), almost 
all of which fit into quite typical stoichiometries: NiL 4 and NiL 4 _„L'„; 
ML 2 X 2 and [ML 4 ][MX 4 ] (M = Pt, Pd; L = an isocyanide; L' = another 
ligand group; X = halogen, pseudohalogen, etc.). It is reasonable to assume 
that these complexes, similar to many complexes with other ligand groups, 
would attract little attention. 

The only work apparently contrary to this generalization involved the 
complexes [Pd(CNR) 2 ] ;c , whose stoichiometry was unusual and whose 
structure was unknown (and still is), and the platinum(II) hydrazine 
complexes, mentioned earlier (90). 

Virtually all work on nickel isocyanide complexes centers on nickel(O) 
species. Malatesta and Bonati (90) describe complexes of the formula NiL 4 
and Ni(CO) ;c L 4 _ ;c . The former are formed in a variety of reactions, including 
reductions of nickel(II) in the presence of isocyanides, and by the replace¬ 
ment of other ligands by isocyanides. The latter are, of course, derivatives of 
Ni(CO) 4 . In addition, a few ill-defined nickel(II) complexes are reported, 
as is the formally nickel(I) species (C 5 H 5 NiCNC 6 H 5 ) 2 . 

Several studies have expanded this work on nickel(O) complexes some¬ 
what. Substituted NiL 3 L' complexes (L = CNBu, CNPr*, CNC 6 H n ; 
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L' = PPh 3 , AsPhj) were reported from direct reaction of the phosphine or 
arsine and NiL 4 (104). Phosphite (98) and PF 3 (68) derivatives were also 
reported, formed from the tetrakis(phosphite) or tetrakis(PF 3 )-nickel(0) 
species and an isocyanide [Eqs. (25, 26)]. 

Ni[P(OR) 3 ] 4 + CNC 6 H„ -► Ni[P(OR) 3 ] a (CNC 6 H n ) 2 (25) 

(R = C 2 H 5 , CH 3 ) 


Ni(PFj) 4 + CNC 6 H n _„ Ni(PFj)jCNC„H u (26) 

(platinum also) 


For each of these reactions kinetic data were obtained. The reactions were 
first order in complex concentration, and zero order in isocyanide, as 
expected. The complex Ni(CNBu') 4 , and presumably other Ni(CNR) 4 
complexes as well, undergo ligand dissociation in solution. In benzene 
solution, a molecular weight determination for this compound gives a low 
value (110). This is in accord with the presumed mechanism of substitution. 

Several other complexes, M(CNBu') 3 L (L = an activated olefin), have 
also been reported recently (110). This group of complexes, with the 
ligands (L) including maleic anhydride, fumaronitrile, and tetracyano- 
ethylene, arises from isocyanide ligand substitution by the olefin. Less active 
olefins such as ethylene and diphenylacetylene, and azobenzene did not 
react. 

Nast et al. (105) studied the reaction of K 4 Ni 2 (CN) 6 and various iso¬ 
cyanides (L) and found this to be an ideal means of obtaining the NiL 4 
species. At the same time the reaction of this nickel cyanide complex with 
CO was also reinvestigated. There is a literature report that this reaction 
gives K 4 Ni 2 (CN) 6 (CO) 2 , but the latter species was incorrectly identified, 
and was found by Nast and co-workers to be a 1:1 mixture of K 2 Ni(CN) 4 
and K 2 Ni(CN) 2 (CO) 2 [Eq. (27)]. 


K 4 Ni 2 (CN) 6 



Ni(CNR) 4 + K 2 Ni(CN) 4 


K 2 Ni(CN) 2 (CO) 2 + K 2 Ni(CN) 4 


(27) 


A few comments on infrared spectra of these substituted nickel(O) 
isocyanides should be mentioned. Haas and Sheline (64) measured v co for 
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the series of compounds Ni(CO) 4 _ x (CNCH 3 ) x x= 1 ->-4; these data cor¬ 
respond well to earlier data of a similar nature (90). The f cn frequency in 
Ni(PF 3 ) 3 CNC 6 H u (68) is found at 2169 cm -1 , vs. 2138 cm -1 for the free 
ligand; from this, it was concluded that there is little 7r-donation from nickel 
to the isocyanide ligand. In accord with this conclusion the values for 
Pp _ F in this compound are found at a lower frequency. 

Some of the most interesting work on nickel(O) complexes has been 
carried out by Otsuka et al. (107, 110). These workers have succeeded in 
obtaining a complex, [Ni(CNBu') 2 ] x . This complex is prepared from 
bis(l,5-cyclooctadiene)nickel and the isocyanide, carefully restricting the 
amount of the latter to 2 moles per mole of nickel [Eq. (28)]. 

lNi(C,H,,) 2 + 2CNBu' [Ni(CNBu')j]j, (28) 

Obviously if a larger amount of isocyanide is used the more common 
stoichiometry, NiL 4 , results. 

Otsuka et al. (107) describe [Ni(CNBu f ) 2 ] x as a reddish brown micro¬ 
crystalline substance, which is extremely air-sensitive. It can be recrystal¬ 
lized from ether at —78°C, and is soluble in benzene; in the latter solution 
the infrared spectrum (2020s, br, 1603m, 1210m) and proton NMR (three 
peaks of equal intensity at t 8.17, 8.81, and 8.94) were obtained. Neither 
analytical data nor molecular weight is available on this complex. The metal- 
ligand stoichiometry is presumably established by virtue of the molar ratio 
of reactants and by the stoichiometries of various reaction products. 

It is suggested that the compound has some sort of cluster structure, and 
that both terminal and bridging isocyanide ligands are present. Thus the 
infrared peaks at 2020 and 1603 cm -1 can be assigned to these two types of 
groups; the complex NMR pattern would not be unexpected. It would be an 
attractive assumption that this complex is analogous in structure to the 
palladium complexes, [Pd(CNR) 2 ] x , which have been known for some time. 
Indeed the infrared spectrum of [Pd(CNBu‘) 2 ] x is somewhat similar, having 
absorptions at 2108 and 1700 cm -1 ; the differences in positions of these 
bands for the nickel and palladium complexes are a little larger than ex¬ 
pected, however. 

One ought to observe that only this single example using tert -butyl 
isocyanide, [Ni(CNBu') 2 ] x , is known, as yet. It would obviously be de¬ 
sirable to prepare further examples of complexes of this type, and to 
attempt to establish a structure, presumably by X-ray crystallography. 

The complex [Ni(CNBu‘) 2 ] x is reactive, as expected, and may be used as a 
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precursor for a number of new complexes. The reaction with oxygen is 
particularly interesting. If the reaction is run in ether at —20° C or lower, one 
can isolate an oxygen adduct, (h?rt-BuNC) 2 Ni0 2 (107), presumably anal¬ 
ogous to the known (PPh 3 ) 2 Ni0 2 . The same reaction occurs with [Pd- 
(CNR) 2 ] r The nickel isocyanide-oxygen compound is stable as a solid to 
about 60° C, and appears to be associated in this state; a structure involving 
intermolecular axial interaction between metal and oxygen is suggested 
(XXXI). In solution the association is not maintained; presumably solvated 



(XXXI) 


complexes, Ni(CNR) 2 0 2 (solv) or Ni(CNR) 2 0 2 (solv) 2 , are formed. In con¬ 
junction with this, compounds of both these types arise in reactions of 
Ni(CNBu') 2 0 2 with CH 3 NC. With methyl isocyanide at —19° C a diadduct 
Ni0 2 (CNBu') 2 (CNCH 3 ) 2 can be isolated which loses one terf-butyl 
isocyanide at 3° C, giving Ni0 2 (CNBu')(CNCH 3 ) 2 . 

In solution Ni(CNBu‘) 2 0 2 decomposes to Bu'NCO and a material sug¬ 
gested to be [Ni(Bu‘NCO)] x , which reacts with additional ligand to give 
NiL 4 . The oxygen complex also reacts with triphenylphosphine (yielding 
Ph 3 PO and Ni(CNBu') 2 (PPh 3 ) 2 ) and with tetracyanoethylene to give 
Ni(CNBu‘) 2 (TCNE) and 0 2 . 

The oxidation of isocyanides to isocyanates with oxygen, catalyzed by 
Ni(CNR) 4 or Ni(C g H 12 ) 2 , has been known for some time (106). One can now 
postulate on the basis of these data that catalysis is being accomplished via 
oxygen coordination to the metal. 

The infrared spectra of these oxygen compounds of nickel and palladium, 
and of oxygen complexes of rhodium [RhX(PPh 3 ) 2 (RNC)0 2 ; X = Cl, Br, 
I; R = C 6 H,,,/>-tolyl, Bu‘] are also reported (67, 102). Oxygen-18 enrich¬ 
ment allowed definite assignments of some of the bands in these spectra. 

A number of other ligand groups are found to add to [Ni(CNBu') 2 ] x , 
including azobenzene, tetracyanoethylene, fumaronitrile, and maleonitrile, 
diphenylacetylene and dimethyl acetylenedicarboxylate (109, 770) [Eq. (29)]. 
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Ni(CNBu') 2 + L -*• Ni(CNBu') 2 L (29) 

(L = PhN=NPh, PhC=CPh, CH 3 OCOC=CCOOCH 3 , TCNE, NCCH=CHCN) 
Crystal structure determinations have been carried out for the tetracyano- 
ethylene (139), azobenzene (52) and diphenylacetylene (52a) complexes, 
with molecular structures (XXXII) and (XXXIII). These complexes may 




(XXXII) 


Bu'NC 

Bu'NC 


/ Ph 



^Ph 


(XXXIII) 


be viewed as nickel(II) square-planar species. However, in the former the 
plane defined by the nickel and the two TCNE carbon atoms is skewed from 
the Ni(CNR) 2 plane by about 24°. The C=C bond length in the TCNE 
ligand is 1.476 A, which may be compared to 1.339 A for the free ligand and 
1.506 A in the complex IrBr(CO)(PPh 3 ) 2 -TCNE. The nickel(isocyanide)- 
carbon distance is 1.866 A. This is longer than the nickel-isocyanide 
distance in Ni(CNBu') 2 N 2 (C 6 Hj) 2 , found to be 1.840 A. From this one can 
infer that there is more extensive back-donation to the isocyanide ligand in 
the azobenzene complex. 

The fact that a number of M(CNBu') 2 L complexes are known invites a 
comparison of their infrared spectra, particularly with respect to v^ N . 
Table VI summarizes these data (110). One can see two infrared-active 


TABLE VI 

Infrared Data on Ni(CNBu’) 3 L 


L 

r c =N (cm ‘) 

o 3 

2196,2178 

TCNE 

2194,2179 

C 6 H,N=NC 6 Hj 

2168,2140 

Fumaronitrile 

2162, 2138 

Maleic anhydride 

2159, 2118 

Dimethyl maleate 

2154,2120 

CHjOCOteCCOOCHj 

2160, 2123 
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absorptions appropriate to the C 2v symmetry of these systems. There is a 
trend in v CN , presumably reflecting increasing 77 -donation to the ligand (L) 
in the series. Otsuka et al. (110) makes a point of the correlation of the v CN 
values and the electron affinities of the various ligands. They also observe 
that there is a similar trend in the differences in positions of the two infrared 
bands (Av a _ b ), which increases with the lower electron affinity of the ligand, 
and suggest that Av a _ b may be a good measure of effective backbonding of 
the ligand L. 

A few Ni(CNBu') 2 L 2 complexes are also observed (L = maleic anhydride, 

CO). 

Stone et al, (43, 60, 61) have studied reactions of nickel and palladium 
isocyanides and a number of fluorocarbons which give a remarkable variety 
of products. With Ni(CNBu r ) 4 and fluoroolefins [C 2 F 4 , (CF 3 ) 2 C=C(CN) 2 
and CF 2 = CFCF = CF 2 ] themetallocyclic complexes (XXXIV), (XXXV), 
and (XXXVI) are observed (60, 6/);the complex Ni(CNBu') 2 (C 3 F 6 ), analo- 



(XXXIV) 


(XXXV) 


\ 


N v 


gous to (XXXV), is obtained with perfluoropropene. Using hexafluoroace- 
tone or hexafluoroacetonimine (CF 3 ) 2 C = A (A = 0, NH), reaction occurs 
with incorporation of two fluorocarbon units in a heterocyclic ring, giving 
(XXXVII). The reaction is presumed to occur stepwise. Evidence to 
support this comes from the reaction of hexafluoroacetone (HFA) and 
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QF 3/ CF 3 


Ni 



X A i = sC \-CF 3 

cf 3 


(A = O, NH) 
(XXXVII) 


><> 

CT 


Bu'NC 

Bu'NC 


Bu'NC v 



(XXXVIII) 


C F 3 

C-CF. 


/ \/ 
/ M 


-CF 3 

cf 3 


Ni(CNBu') 2 HFA [the latter species obtained in a two-step reaction: 
(1) (COD) 2 Ni + HFA -> (COD)NiHFA; (2) (COD)NiHFA + 2CNBu‘ -> 
Ni(CNBu r ) 2 HFA] which yields the same product. 

The reaction of (Bu f NC) 2 Ni0 2 and hexafluoroacetone at —50° C yields a 
cyclic peroxo complex (XXXVIII) which loses one oxygen on dissolution in 
ether to give (XXXIX). 

The reaction of bis(trifluoromethyl)diazomethane with either Ni(CNBu‘) 4 
or [Pd(CNR) 2 ] x (R = Bu f , Cy), also gave interesting complexes (XL); the 
structure of an analogous species, Pt(PPh 3 ) 2 (CF 3 ) 4 C 2 N 2 , was determined 
by X-ray crystallography (43). 

A few cyclopentadienylnickel isocyanide complexes (163, 164) have been 
reported, arising in the following reactions: 

C,H,Ni(PPh 3 )X + RNC -+■ [C 5 H 5 Ni(CNR)(PPh 3 )]X + [C 5 H,Ni(CNR) 3 ]X (30) 
(X = Br, I;R = C 6 H 1 „Bu>) 

Mention was made earlier about insertion reactions into nickel alkyl bonds 
(108, 164), and about polymerizations of olefins by isocyanide nickel 
complexes (31, 174). 

A large amount of the work on palladium isocyanide complexes has been 
mentioned earlier, in discussions on insertion reactions (30, 74,108,169,170) 
and on addition reactions of coordinated isocyanides (25, 33, 34, 49 ); the 
reactions of [Pd(CNBu‘) 2 ] x with oxygen (107) and with various olefins 
(29, 110) were noted. 
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In addition, there has been a general elaboration on the syntheses of 
palladium(II) complexes. Foremost, one might mention the syntheses of 
various SnCl 3 and GeCl 3 complexes. Treatment of Pd(CNR) 2 Cl 2 (R = 
C 6 H n , />-C 6 H 4 N0 2 ) with either SnCl 2 -2H 2 0 or CsGeCl 3 affords 
Pd(CNR) 2 (MCl 3 ) 2 species (M = Ge, Sn) (47). From Pd(CNC 6 H 5 )LCl 2 
(L = PPh 3 ) and CsGeCl 3 one may get either Pd(CNC 6 H 5 )L(GeCl 3 )Cl or 
Pd(CNC 6 H 5 )L(GeCl 3 ) 2 , depending on the molar ratio of the reactants (47). 
In the analogous reaction with SnCl 2 the two SnCl 3 compounds are formed 
(25). The MX 3 groups may be cleaved with halogens (Cl 2 , I 2 ). 

One of the more interesting reports on palladium isocyanides discusses 
the formation of a palladium(I) complex (111). The reaction of [Pd- 
(CNBu') 2 ] x and Pd(CNBu') 2 X 2 (X = Cl, Br, I) in chlorobenzene at — 30° C 
gives the yellow crystalline complexes [Pd(CNBu') 2 X] 2 ; the crystals are 
reasonably stable in air and are also thermally stable. The complexes are 
diamagnetic, and the presence of terminal v CN but not of bridging v CN in the 
infrared spectra is noted; the infrared spectra also suggest bridging halogens. 
These workers suggest structure (XLI) for these compounds. They propose 



CNBu- 


^CNBu' 


(XLI) 

that the observed diamagnetism arises by a strong magnetic interaction 
between the metals either through space or through the bridging halogens. 
Though the possibility of a metal-metal bond is not mentioned, this also 
seems like a reasonable alternative. 

It is possible to replace one isocyanide by triphenylphosphine, or to 
replace two isocyanides with diphos, giving phosphine analogues of these 
complexes. These species are not available from analogous reactions of 
phosphine-palladium(O) and (II) complexes. Reactions with active alkyl 
halides proceeds with oxidation; nitric oxide also oxidizes these complexes. 
[Eqs. (31, 32)]. 

[Pd(CNBu'),X], + RI -» Pd(CNBu') 2 RI (31) 

[Pd(CNBu') 2 Br] 2 + NO -*■ Pd(CNBu') 2 (N0 2 )Br (32) 

Most work on platinum involves complexes in the divalent state. Malatesta 
and Bonati report no platinum(O) or platinum(IV) species. The lack of 
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isocyanide complexes of platinum in the higher oxidation state is probably 
expected, as isocyanide complexes involving high oxidation states for metals 
are at best rare. However, there are lower oxidation state isocyanide com¬ 
plexes of both nickel and palladium, as mentioned above, and one might 
expect such species for platinum as well. One might anticipate their some¬ 
what low stability, however, as the trend in stability among these species 
(and also among the carbonyls) is Ni > Pd > Pt. 

There is now one report on platinum(O) isocyanide complexes (85). 
When Pt(PPh 3 ) 2 (C 2 H 4 ) is treated with CNBu‘ in n-pentane at —20° C, a 
compound, Pt(PPh 3 ) 2 (CNBu') 2 , is obtained. This material has a v CN 
frequency at 2030 cm -1 , indicative of the extensive w-donation to the ligand. 
It decomposes slowly in air. With CO one isocyanide is displaced. Oxidative 
addition reactions occur readily with I 2 , CH 3 I, and CF 3 I, and Ph 3 SnCl. 
From the first three reactions five-coordinate species [Pt(PPh 3 ) 2 (CNBu') 2 - 
R]I (R = I, CH 3 , CF 3 ) are obtained, the proposed structure being assigned 
by analyses and conductivity data (each is a 1:1 electrolyte). The tin complex, 
Pt(PPh 3 ) 2 (CNBu') 2 (SnPh 3 )Cl has a low conductivity value. 

Platinum(II) isocyanide complexes of the general formulas [PtL 4 ] 2+ , 
[PtL 3 X] + , and PtL 2 X 2 and substituted derivatives thereof (L=RNC, 
X = halogen, H, R, etc.), have been studied recently and will be the main 
subjects of discussion. It may be observed that much work on complexes 
of the first and third molecular stoichiometries had been reported previously. 

Complexes of the formula [Pt(CNR) 4 ]PtCl 4 (R = C 6 H„ p-tolyl, p- 
C 6 H 4 OCH 3 , C 6 H m ) are obtained from K 2 PtCl 4 and the isocyanide in 
aqueous media (27 ); they join a number of other such complexes, previously 
known, which were formed in the same manner (90). These complexes 
may be either blue and organic-insoluble (C 6 H 5 ,/>-tolyl), or red and organic- 
soluble (C 6 H n , p-C 6 H 4 OCH 3 ). There are structural differences in these 
two types of complexes; the former are presumed to have strong axial 
metal-metal interactions. Refluxing in chloroform converts these ionic 
complexes to m-Pt(CNR) 2 Cl 2 species. Another method for synthesis of 
[PtL 4 ] 2H complexes utilizes the alkylation of the tetracyanoplatinate(II) 
anion with a strong alkylating agent such as [(CH 3 ) 3 0]BF 4 (147)\ the 
alkylation reaction with methyl iodide or methyl sulfate, studied many years 
ago, gives only Pt(CNR) 2 (CN) 2 (90). Alkylation of Pt(PPh 3 ) 2 (CN) 2 with 
[(CH 3 ) 3 0]BF 4 , disubstitution of [Pt(CNCH 3 ) 4 ] 2+ with various phosphines 
(147), and substitution of chloride ion in the complex Pt(PPhMe 2 ) 2 Cl 2 by 
isocyanide in the presence of NaPF 6 (42) all give rise to the phosphine- 
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substituted derivatives [Pt(phos) 2 (CNR) 2 ] 2 + . The latter reaction is interest¬ 
ing in that most reactions of this type have given [Pt(phos) 2 (CNR)X] + 
species (38, 39). 

An extensive collection of [PtL 2 (CNR)X] + complexes have been reported. 
Church and Mays (38, 39) describe reactions of Pt(L 2 )RX with isocyanides 
(and with other ligands), in the presence of a halogen acceptor such as 
NaC10 4 or NaPF 6 . The latter species is apparently important to this reac¬ 
tion; the driving force is associated with the precipitation of NaX from the 
reaction system. The following complexes are reported: franr-[Pt(PEt 3 ) 2 - 
(CNR)R']C10 4 (38) (R = Bu r , />-C 6 H 4 OCH 3 , R' = />-C 6 H 4 F, H, Br, Cl); 
tranr-[Pt(AsEt 3 ) 2 (CNBu‘)R']C10 4 (R' = H, Cl). Several correlations with¬ 
in related series of compounds were observed. For example, in the arsine 
complexes, for R' = chlorine, the value of ^ C1 _ P , shifts regularly as a function 
of the trans ligand donor ability, PEt 3 > AsEt 3 > P(OMe) 3 > P(OPh) 3 > 
CNAr > CNR > CO. 

Treichel, Knebel, and Hess (147) present a detailed study of reactions of 
methyl isocyanide with Pt(PPh 3 ) 2 X 2 (X = Cl, Br, I) and Pt(PEt 3 ) 2 Cl 2 . They 
observe that these reactions generally lead to ionic products, arising from 
displacement of a halide ion by the isocyanide. This observation is somewhat 
unusual, as many previous instances have been cited where the equilibrium 
established between L 2 PtX 2 , L', and [L 2 PtL'X]X generally favor the re¬ 
actants [Eq. (32)]. This has generally meant that the isolation of the ionic 

L 2 PtX 2 + L' ^ [LjPtL'X]X (32) 

species from this reaction has been impossible, unless of course there is a 
halide acceptor present; this is the route used by Church and Mays, des¬ 
cribed above. The only major exception to this generalization was also ob¬ 
served using methyl isocyanide; from Pt(PPh 3 ) 2 RX and CNCH 3 , ionic 
complexes [Pt(PPh 3 ) 2 (CNCH 3 )R]X were reported (144). 

The products obtained from the Pt(PR 3 ) 2 X 2 -CNCH 3 reactions were 
dependent on the nature of the platinum species. Five-coordinate adducts, 
[Pt(PR 3 ) 2 (CNCH 3 ) 2 X]X, were isolated for the iodo and bromo complexes 
(R=Ph), although the latter was unstable and slowly lost isocyanide. The 
observation of five-coordination here is somewhat unusual, but since this 
report, it was also observed in a different situation (85), mentioned above. 
The more common observation was the isolation of four-coordinate species, 
implying the low stability of most five-coordinate complexes. Data on these 
reactions are summarized below [Eqs. (33, 34)]. 
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Pt(PR 3 ) 2 X 2 + 2 CNCHj -[Pt(PR 3 ) 2 (CNCH 3 ) 2 X]X 

(isolable: R = Ph, 

X - Br, I; R = Et, 

X = I) 

\ CNCHj (R = Ph, X = Br, 

R = E, ’ X = ,) 

[Pt(PR 3 ) 2 (CNCH 3 )X]X (33) 

Pt(PR 3 ) 2 X 2 + CNCHj -- [Pt(PR 3 ) 2 (CNCH 3 )X]X (34) 

[R = Ph, X = Cl; 

R = Et, X - Cl, Br. 

(PR 3 ) 2 - diphos, X = Cl, I] 

The reaction of Pt(PPh 3 ) 2 Cl 2 and CNCH 3 was unusual in that it was 
solvent-dependent, giving [Pt(PPh 3 ) 2 (CNCH 3 )Cl]Cl in acetone, and 
Pt(PPh 3 )(CNCH 3 )Cl 2 in benzene. A simple interconversion between these 
complexes is possible, dependent on solvent choice [Eq. (35)]. 

Pt(PPh 3 ) 2 Cl 2 + CNCH 3 —- [Pt(PPh 3 ) 2 (CNCH 3 )Cl]Cl (35) 


Pt(PPh 3 )(CNCHj)Cl 2 + PPh 3 

Treichel, Knebel, and Hess provided further data on these systems by 
studying reactions of [Pt(PR 3 ) 2 (CNCH 3 ) 2 ] 2+ with various halide ions and 
with pseudohalides. A series of five-coordinate complexes were obtained 
from reactions with iodide ion (PR 3 = PPh 3 , PPh 2 Me, PPhMe 2 , PEt 3 ), 
and a study was carried out to measure the stability of these complexes with 
respect to ligand loss (155). Stability constants for several of these complexes 
were obtained from spectroscopic data. Other reactants (Cl, Br, CN, SCN) 
generally yielded the appropriate [Pt(PR 3 ) 2 (CNCH 3 )X] + species, as ex¬ 
pected. 

During a study of these complexes, Treichel and Hess (145, 147) heated 
[Pt(PPh 3 ) 2 (CNCH 3 )Cl]Cl, expecting to obtain Pt(PPh 3 )(CNCH 3 )Cl 2 ; 
instead a novel dealkylation reaction occurred. This was extended to other 
related species [Eq. (36)]. Remarkably, very few examples of such reactions 
[Pt(PR 3 ) 2 (CNCH 3 )X]X - Pt(PR 3 ) 2 (CN)X (36) 

(R = Ph, X = Cl, Br; R = Et, X = Cl, Br, I) 
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had been previously observed. There is one historical reference (90); 
and Treichel et al. have also observed this type of reaction in studies of the 
C 6 F 5 Li-[C 5 H 5 Fe(CO) 2 CNCH 3 ] + (143), and Pt(PPh 3 ) 2 (C 6 F 5 )Br-CNCH 3 
(144) reaction systems. 

The novel reaction of hydroxide ion with Pt(PPh 3 ) 2 (CNCH 3 ) 2 ] 2+ to give 
[Pt(PPh 3 ) 2 (CNCH 3 )(CONHCH 3 )] + and the analogous SH- and NHR - 
additions (84, 149, 150) were discussed above. This carboxamido complex 
was a useful precursor in syntheses of a number of new complexes, by the 
following reaction sequences [Eqs. (37, 38)]. 

[Pt(PPhj) 2 (CNCHj)CONHCH 3 ] + + HBF„ CH ’ CN > 

(-CO) 

[Pt(PPhj)j(CNCHj)(NCCH } )F + 

(37) 


r [Pt(PPh 3 ) 2 (CNCH 3 )LP + 


[Pt(PPh 3 ) 2 (CNCH 3 )(NCCH 3 )] 2+ _ 


*“ [Pt(PPh 3 ) 2 (CNCHj)X] + 


(38) 


(L = PPhj, PEt 3 , py, S(CH 3 ) 2> N(CH 3 )j,CNCH 3 ; 

X = Cl, Br, I, SCN, CN, N0 2> OH) 

Two other references to [PtL 2 (CNR)R'] + complexes are the nonreaction 
of [Pt(PPhEt 2 ) 2 (CNC 6 H 4 CH 3 )H] + with ethylene (41) [in contrast to the 
addition of ethylene to Pt(PEt 3 ) 2 HCl to give Pt(PEt 3 ) 2 (Et)Cl] and the 
insertion of InCl into the platinum chloride bond in [Pt(PEt 3 ) 2 (CNC 6 H 4 - 
OCH 3 )Cl] + giving [Pt(PEt 3 ) 2 (CNC 6 H 4 OCH 3 )InCl 2 ]+ (68). 

The preparation of several complexes of the general formula [L 4 Pt 2 X 2 ] 2+ 
(L = phos, CNCHj, X = Cl, Br, I) from reactions of L 2 PtX 2 and 
[(CH 3 ) 3 0]BF 4 was noted (151). In this reaction the oxonium salt serves as a 
halogen acceptor, yielding CH 3 X and (CH 3 ) 2 Oj this is a not generally 
observed mode of reaction for this species. The new complex Pt(CNCH 3 ) 2 - 
(CHj)I, obtained from Pt(CNCH 3 ) 2 Cl 2 and CH 3 MgI, is also noted (153), 
as are several trichlorostannato complexes Pt(CNR) 2 (SnCl 3 ) 2 (R = Ph, 
/>-tolyl, C 6 H m , />-C 6 H 4 OCH 3 ) (27) and Pt(PPh 3 )(CNR')(SnCl 3 ) 2 (R' = 
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C 6 H n , />-tolyl, />-C 6 H 4 N0 2 ) (25) obtained from Pt(CNR) 2 Cl 2 or 
Pt(PPh 3 )(CNR')Cl 2 and stannous chloride. 

Insertion reactions of platinum(II) alkyl and aryl complexes (144, 153, 
171), nucleophilic displacement of isocyanide from [Pt(PR 3 ) 2 (CNCH 3 ) 2 ] 2+ 
(147) and additions of alcohols and related substances to isocyanides bonded 
to platinum (8, 9, 25, 33, 34, 100, 117) were discussed earlier. 

F. Other Metals 

There are scattered reports on isocyanide complexes of other metals 
including copper and gold, vanadium, and several lanthanides and actinides. 

The complex C 5 H 5 V(CO) 3 CNH arises from protonation of [C 5 H 5 V- 
(CO) 3 CN]“ (56). This is the only vanadium isocyanide complex known. 

There is an interesting report (141) on copper(II) isocyanide complexes, 
[Cu(CNBu , ) 4 (H 2 0) 2 ]X 2 (X = C10 4 or BF 4 ). As might be expected these 
complexes are quite unstable with respect to metal reduction; they readily 
decompose to [Cu(CNBu') 4 ]X complexes. There is a report on C 5 H 5 Cu- 
(CNCH 3 ) described as a white complex obtained in 57% yield from 
(CH 3 NCCuI) 4 and C 5 H 5 T1 (45). This species is air-sensitive and thermally 
unstable, decomposing in several minutes at room temperature. It is more 
stable than the corresponding carbonyl, however. The infrared spectrum 
shows a v CN at 2190 cm -1 vs. 2158 cm -1 for the free isocyanide; this indicates 
little ir-bonding to this ligand. 

The analogous complex C 5 H 5 Cu(CNBu‘) is obtained from Cu 2 0, 
CNBu', and C 5 H 6 (132). The reaction with indene gave a complex of 
different stoichiometry, however. This complex, C 9 H 7 Cu(CNBu , ) 3 , is 
suggested to be a fluxional monohapto or pentahapto species by virtue of 
its PMR spectrum. The cyclopentadienyl complex is a catalyst for fulvene 
formation from cyclopentadiene and ketones or aldehydes. The catalytic 
activity is enhanced by the presence of additional isocyanide (132). 

The colorless, diamagnetic copper(I) complex Cu(acac)(CNPh) 2 is 
formed from copper(I) acetylacetonate and phenyl isocyanide (103). The 
copper(I) complex (CuC 1) 2 (CNC 6 H, ,) 2 pip was isolated (124) \ it decom¬ 
poses to C 5 H 10 NCH=NC 6 H n . Primarily on this basis, copper(I) complexes 
are presumed to be intermediates in various a-addition reactions to iso¬ 
cyanides (Section III,D). 

Beck and Fehlhammer (18, 19) describe reactions of several metal azide 
complexes, including Au(N 3 ) 4 _ , with isocyanides which yielded a tetrakis- 
(tetrazolato)aurate(I) species. The formation of Au(PPh 3 )C(OCH 3 )=N-p- 
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tolyl from Au(PPh 3 )Cl,/>-tolylNC, and KOH in methanol was noted (100). 

The complexes m- and />-(FC 6 H 4 NC)AuC 1 and m- and p-(FC 6 H 4 NC)- 
Au(C 6 H 4 F) were prepared (158) in the following reactions [Eqs. (39, 40)]: 

FC 6 H 4 NC + Me 2 SAuCl ->- (FC 6 H 4 NC)AuC1 (39) 

(FC 6 H 4 NC)AuC 1 + FC 6 H 4 MgX -> (FC 6 H 4 NC)Au(C 6 H 4 F) (40) 

Inductive and resonance parameters, cr R °, a„ were evaluated for the iso¬ 
cyanide ligand from 19 F chemical shifts; they suggest that the isocyanide is 
a good tr-donor and a weak 7r-acceptor. 

There are reports of several uranium isocyanide complexes. Fischer et al. 
(57) prepared U(C 5 H 5 ) 3 from uranium metal and U(C 5 H 5 ) 4 ; this adds 
THF to give an isolable complex. The THF can be displaced by cyclohexyl 
isocyanide to give U(C 5 H 5 ) 3 CNC 6 H n . This complex shows v CN at 2160 
cm -1 vs. 2130 for the free ligand. The complex, U(CNC 6 H n ) 4 I 4 , a very 
moisture-sensitive and thermally unstable complex, is formed from the 
isocyanide and UI 4 (87). The value of f cn in this species is 2190 cm -1 . 
Other isocyanide complexes of Thl 4 , UBr 4 , UC1 4 , and U0 2 C1 are 
mentioned also. 

The PMRs of several triscyclopentadienyl-lanthanide metal complexes 
of cyclohexyl isocyanide (C 5 H 5 ) 3 MCNC 6 H n (M = Pr, Nd, Ho, Tm, Yb) 
are reported (159, 160). 
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List of Abbreviations 

In order to conserve space, the following abbreviations, listed alphabetically, will be 
used in the text and in the tables: 

Bu Butyl 

Cp w(or A 5 )-Cyclopentadienyl 

Cpr Cyclopropyl 

Et Ethyl 

L, L' Monodentate ligand (usually nonionic) 

Me Methyl 

Ph Phenyl 

Pr Propyl 

R, R' Hydrocarbon radical or diradical (may include R F ) 

Rf Perfluorocarbon radical or diradical 

Tdp Tris(dimethylamino)phosphine 

THF Tetrahydrofuran 


INTRODUCTION TO AND SCOPE OF 
INSERTION REACTIONS 


Numerous organometallic reactions conform to the general equation 
M—X + Y — M—Y—X (1) 

where M is a metal and X and Y are monatomic or polyatomic species 
(ancillary ligands have been omitted). Such processes are termed “insertion 
reactions.” The name has been used in a broad context and carries no 
mechanistic connotations. It merely reflects the overall structural change 
resulting from interposition of an unsaturated species, Y, into a metal- 
element (M—X) bond. 

Of various possible classifications of insertion reactions three are con¬ 
sidered here. 

(1) The insertions may be grouped according to the nature of M—X and 
Y. M—X linkages which are known to engage in such processes include 
metal-hydrogen, metal-carbon, metal-halogen, metal-oxygen, and metal- 
metal, to mention a few. Some of the more common inserting molecules are 
CO, S0 2 , S0 3 , carbenes, olefins, and organic isocyanides. 

(2) Alternatively, the insertions may be regarded as additions of M and 
X to the unsaturated substrate Y. In this context, 1,1 [Eq. (2)] (70), 1,2 
[Eq. (3)] (91), etc., additions have been recognized. 
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CpFe(CO) 2 Me + CO 


CpFe-C—Me 


(2) 


n MejSnPh + n S0 2 -*• (MejSn—O—S—Ph), (3) 

O 

(3) Thirdly, insertion reactions may sometimes be considered as being 
inter- or intramolecular depending on whether Y was precoordinated to M. 
Thus Eq. (4) furnishes one example of an intramolecular insertion (191). 

MeMn(CO), + u CO ->• Me—C—Mn(CO)<(i*CO) (4) 

O 

However, the formation of CpMo(CO) 3 C(CH 2 Ph)=NC 6 H u in Eq. (5) 

CO 

CpMo(CO) 3 CH 2 Ph + C 6 H„NC -► CpMo-CO 

N^CO 

C—CH 2 Ph 
N—C 6 H n 

+ CpMo(CO) 2 (CNC«H ll )COCH 2 Ph (5) 

almost certainly proceeds via an intermolecular insertion (246). The obvious 
limitation of this classification is our inability always to ascertain whether 
an intermediate of the type M(X)Y [Eq. (1)] has been formed. Several 
coordinatively unsaturated transition metal complexes, for example, 
square-planar Pt(II), have been shown to increase their coordination 
number to 5 before undergoing insertion [Eq. (6)] (67). Hence, these and 
related compounds may be regarded as inserting intramolecularly. 

trom-Pt(AsMe 2 Ph) 2 (Me)Cl + C 4 F 6 Pt(AsMe 2 Ph) 2 (C 4 F 6 )(Me)Cl 

traw-Pt(AsMe 2 Ph) 2 [C(CFj)C=C(Me)CF 3 ]Cl (6) 

Some insertion reactions, particularly those of carbon monoxide, are 
reversible, but many are not. Reactions have also been reported which 
result in extrusion of Y from M—Y—X, even though the reverse of this 
process [Eq. (1)] is not known to occur. Elimination of N 2 from arylazo 
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platinum complexes to give the corresponding arylplatinum compounds is 
an example of such behavior [Eq. (7)] ( 202 ). 


0 2 N—/ N=N—Pt 


-Pt(PEtj) 2 Cl + N 2 (7) 


Much of the recent interest in insertion reactions undeniably stems from 
the emphasis placed on development of homogeneous catalysis as a rational 
discipline. One or more insertion is involved in such catalytic processes as 
the hydroformylation ( 31 ) or the polymerization of olefins ( 26 , 75 ) and 
isocyanides ( 244 ). In addition, many insertion reactions have been success¬ 
fully employed in organic and organometallic synthesis. The research in 
this general area has helped systematize a large body of previously unrelated 
facts and opened new areas of chemistry for investigation. Heck ( 114 ) and 
Lappert and Prokai ( 161 ) provide a comprehensive compilation and a 
systematic discussion of a wide variety of insertion reactions in two relatively 
recent (1965 and 1967) reviews. 

This chapter is concerned entirely with the insertion of carbon monoxide 
into transition metal-carbon c-bonds. Sulfur dioxide insertion ( 154 , 239 ), 
also common among transition metal-carbon complexes, will be treated 
in a complementary review, which is to appear later. Subject to the restric¬ 
tions given at the beginning of Section VI, an attempt has been made at a 
complete literature coverage of the insertion of CO. Particular emphasis 
focuses on recent results, especially those of a kinetic and stereochemical 
nature. 


II 

CARBON MONOXIDE INSERTION. GENERAL 
CONSIDERATIONS AND BACKGROUND 

Carbon monoxide insertion reactions may be represented by the equation: 

R L 

+ L -► M (8) 

x co C —R 

o 


where M(CO)R is a reactant or an intermediate, R is an alkyl or a related 
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cr-bonded carbon group, 1 L stands for any ligand, including CO, and M 
represents a metal together with its ancillary ligands. In all cases a 1,1- 
addition (acyl) rather than a 1,2-addition (carbene-like, M—C—O—R) 
product is obtained. Structures of several acyl metal complexes, including 
CpMo(CO) 2 (PPh 3 )COMe (65) and />-ClC 6 H 4 CORe(CO) 5 (6), have been 
determined by X-ray crystallography. Where such direct evidence is not 
available, the infrared and/or proton NMR spectra usually serve as reliable 
guides in ascertaining the nature of these products. 

Some transition metal systems M(CO)R react with a wide range of L, 
including phosphites, phosphines, arsines, stibines, organic amines, iodide, 
and CO, to mention a few, yielding the corresponding acyls. Other systems, 
e.g., CpFe(CO) 2 R (28), display a marked selectivity toward various L. 
Certain unsaturated molecules L [S0 2 (239), CF 2 =CF 2 (238), inter alia ] 
insert themselves into the M—R bond instead of effecting the reaction 
shown in Eq. (8). 

Carbon monoxide insertions are intramolecular. It therefore follows that 
an important requirement for occurrence of these processes is presence of 
the CO and R in the reacting complex in a suitable position to combine. 
Accordingly, compound (I) does not react with CO under ambient con¬ 
ditions (105). The dinuclear [MeCo(DH) 2 ] 2 (DH = dimethylglyoximate) 
reacts with CO, but not by insertion, to give (II) in solution (125). Forma- 



y N \J> N y 

K /l\ 


tion of an acyl on further exposure of (II) to CO is apparently prevented by 
an unfavorable disposition of R and the coordinated CO. Coordinatively 
unsaturated square-planar Pt(II) and Pd(II) complexes RM(PR' 3 ) 2 X do 
not satisfy the foregoing requirement but nevertheless undergo CO insertion 


RM(PR,') 2 X + CO -► RCOM(PR,') 2 X (9) 


1 Henceforth the words alkyl and acyl, unless qualified, have a broad meaning and include 
phenyl, perfluoroalkyl, etc., moieties. 



92 


ANDREW WOJCICKI 


[Eq. (9): M = Pt and Pd, R = Me, Et, and Ph, R' = Et] (39). However, in 
these cases, a five-coordinate carbonyl, RM(CO)(PR' 3 ) 2 X is a likely pre¬ 
cursor of the acyl. 

Carbon monoxide insertion is not restricted to transition metal-carbon 
bonds, although M—C is by far the most common substrate involved. 
Reactions have also been reported which lead to insertion of CO into 
M—O (114) and M—N (199) bonds. 1,1-Additions of M—H (27, 114) 
and M—M (104) linkages to CO have been postulated, too. However, 
direct replacement of CO, without rupture of the W—H bond, is indicated 
for the reaction between CpW(CO) 3 H (or -D) and PPh 3 (S): 

CpW(CO)jH + PPhj -Xr* CpW(CO) 2 (PPh 3 )COH 



CpW(CO) 2 (PPh 3 )H + CO (10) 

(D) 

Another interesting substitution [Eq. (11): M = Mo and W, R = Me, Et 
or t-Pr] (57) proceeds via the intermediacy of a pale brown material which 

CpM(CO)jGeR, + PPh 3 , J° d , ube » CpM(CO) 2 (PPh 3 )GeR, + CO (11) 

analyzes for CpM(CO) 3 (PPh 3 )GeR 3 . However, the infrared spectrum of 
this species shows no t'(CO) of MCOGeR 3 , apparently ruling out CO 
insertion into the M—Ge bond. 

One of the properties of transition metal acyl complexes is their ability 
to lose CO, usually on heating or photolysis. This so-called decarbonylation 
often represents a special case of the reverse of the CO insertion in Eq. (8), 
where L - CO. 



(12) 


However, L other than CO can be lost instead of or in competition with 
carbon monoxide [Eq. (13): L = P(OCH 2 ) 3 CEt] (35). 
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OC—Mri-CO » PhMn(CO) 4 L + PhMn(CO) s (13) 

0 C j. -CO and -L 

O 

Whereas some acyl products, especially RCOMn(CO), and RCOCo- 
(CO) 4 , easily eliminate carbon monoxide via the reverse of the insertion, 
others decarbonylate through a different route. For example, the reaction 

CpFe(CO)jMe + PPh, -* CpFe(CO)(PPh 3 ) COMe (14) 

(HI) 

(28) is not reversible, the elimination of CO from the acyl proceeding as per 
Eq. (IS) (219). Accordingly, when reaction of (III) with PPh 3 is conducted 

CpFe(CO)(PPhj)COMe CpFe(CO)(PPh,)Me + CO (IS) 

(IV) 

under vigorous conditions and over an extended period, only (IV) may be 
detected (219). This may lead to an erroneous conclusion that the formation 
of (IV) proceeds via a direct replacement of CO in (III) with PPh 3 [Eq. (16)] 

CpFe(CO) 2 Me + PPh, -► CpFe(CO)(PPh } )Me + CO (16) 

(III) (IV) 

rather than in two discrete steps. Since reactions between transition metal 
alkyls and Lewis bases are frequently carried out under preparative, and 
therefore generally vigorous conditions, a cautious mechanistic inter¬ 
pretation of the literature data may be required. It is relevant, however, 
that the photochemical reaction between (III) and PPh 3 takes place directly 
(219, 227), as shown in Eq. (16). 

Additional complications with regard to recognition of an insertion 
reaction may arise if the acyl produced defies isolation by undergoing a 
further transformation. Equations (17)—(19) (78, 134, 115) provide diversi¬ 
fied examples of such behavior (the postulated CO insertion intermediates 
are enclosed in brackets). The intermediacy of acyl complexes in these 
reactions can sometimes be inferred through examination of the infrared 
or NMR spectra of reaction solutions. In a number of cases, however, 
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CpMo(CO) 3 CH 2 CH 2 CH 2 Br + PPh, 
CO 

CpMo^r PPhj 

| ^C—CH 2 CH 2 CH 2 Br 

8 A 


/ . PPhj 

. Cp T<^ 


MeMn(CO), + RC=CR' 


[MeCOMn(CO) 4 (w-RC=CR')l 


/C=C\ 

Me—C. Mn(CO) 4 (18) 


HCo(CO) 4 + RCH=CH 2 + CO -► 

[RCH 2 CH 2 —C—Co(CO) 4 ] HCo(CO)< „ RCH 2 CH 2 CHO + Co 2 (CO), (19) 

O 

evidence is less direct or even nonexistent. Mechanistic inferences in such 
situations are made by consideration of various possible pathways and by 
analogy with reactions of related systems. 

This chapter is concerned initially with kinetic results and mechanistic 
interpretations of the CO insertion (Section III) and extrusion (Section IV) 
reactions. A discussion of the stereochemical data follows (Section V), and 
a comprehensive survey of these reactions by the triads (Section VI) rounds 
out the review. Carbon monoxide insertion reactions were discussed in 
1967 by Basolo and Pearson (21). Since then they have been mentioned in 
several reviews (49, 118, 203, inter alios) but have not been treated com¬ 
prehensively. 


Ill 

KINETICS AND MECHANISM OF 
CARBON MONOXIDE INSERTION 

A. Perspective 

Kinetic studies have been conducted on reactions of RMn(CO) 5 (37, 
50-52, 54, 97, 168), CpFe(CO) 2 R (48, 98), 7r-C,H y Mo(CO) 3 R (48, 79-81, 
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108), RPt(CO)LX (93), and RIr(CO) 2 LX 2 (92) [M(CO)R] with various 
nucleophiles (L') to give the corresponding M(COR)L'. In addition, 
kinetic data have been reported for reactions of Rh(CO) 2 LX 2 (233) and 
Rh(CO)L 2 X (88) [M(CO)] with RX' which proceed in two steps—oxidative 
addition and CO insertion—to afford M(COR)X'. 

The results can be accommodated by the following general mechanism: 

+ L 
*2 

M(CO)R ; M(COR)L 

-L 

(20) 

Intermediate 

By applying the steady-state approximation for the concentration of the 
intermediate one obtains: 

+ A,[M(CO)R][L]-*_,[M(COR)L] (21) 

Since most insertion reactions go to virtual completion, and k_ 2 may 
be ignored, simplifying Eq. (21) to 

^jM(COR)y_.,*UM(CO)Rl[L] + , i[M(CO)RKL] 

at + «[[LJ 

The two terms in Eq. (22) pertain to what shall be called the path and 
the k 2 path, respectively. Further simplification of the rate equation is 
possible by one or more of the following considerations: 

(a) Only the k i path is operative; i.e., there is no direct interaction of the 
alkyl with L. In this case: 

(i) If k_i is very small compared to k\ [L], i.e., if the reactive intermediate 
is more effectively captured by L than it reverts to the alkyl, the rate 
expression becomes 

4M(cor)l U|[ m(co)r] (23) 

and first-order kinetics are observed. 



This compound has recently been reformulated. See refs. (174), (204), and (216). 
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(ii) If &_i is appreciable and [L] is small, one obtains 

d[ M (CO R ) L j = [M(C0)R ][ L ] (24) 

reflecting second-order kinetics, first-order in both [M(CO)R] and [L]. 
This often occurs when the concentration of L is low as, for example, when 
L = CO. In theory, but not always readily in practice, this situation can be 
ascertained by increasing the concentration of L. 

(iii) If £_[ is comparable to fc'JL], then k obi , given by the expression 


* ob *~*_ 1 +A' 1 [L] 


(25) 


increases with [L], approaching a limiting value at high concentrations. 
A plot of 1 /£ obs vs. 1 /[L] is linear, the slope being k_Jk l k\, and the intercept 
1 /£, Eq. (26). An invariance of k t to changes in the ligand L lends further 
support to this scheme. 


±.Jt=L(±\ + l 

*ob. 


(26) 


(b) The k 2 path is being followed either alone or in conjunction with the 
path. Provided that [L] is sufficiently high (a condition which can be 
satisfied with most ligands), minimizing the relative importance of k_ u 
Eq. (22) becomes 

rf[ M (COR) L ] = ft [[M(CQ)R] + jfc 2 [M(CO)R][L] (27) 


or 

rf[M(COR)L] = ^ g[M(C0)R] ( 28) 

where 

^,b. = *i + *a[L] (29) 

By plotting & ob , vs. [L] one obtains a straight line whose slope is k 2 and 
the intercept k { . 

All of these limiting situations have been encountered in practice, as 
will be seen in the ensuing discussion. 
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B. Role of Solvent 

1. Effect on the Reactivity and Mechanism 

Transition metal alkyls may be divided into two categories with respect 
to solvent dependence of their CO insertions: 

(i) Those whose reactions depend on the nature of the solvent. 

(ii) Those which react by the k { path and are not influenced by the 
solvent employed. 

Group (ii) includes RIr(CO) 2 LCl 2 and RPt(CO)LCl (L = AsR 3 ). Some 
representative data for the reaction of EtPt(CO)(AsPh 3 )Cl with AsPh 3 are 
given in Table I. 

Belonging to group (i) are alkylmetal carbonyls and cyclopentadienylmetal 
alkyl carbonyls of formula RMn(CO) 5 , CpFe(CO) 2 R, and CpMo(CO) 3 R. 
Solvent dependence of the reaction of MeMn(CO) 5 with C 6 H,,NH 2 is 
illustrated also in Table I. The rate varies markedly with the dielectric 
constant and with the nucleophilic power of the solvent. For example, on 
going from dimethylformamide to mesitylene, the rate of insertion is 
reduced by ~10 4 . Similarly, the sequence MeCN > Me 2 CO > THF > 
CHC1 3 > C 6 H 6 was reported for the reaction of MeMn(CO) 5 with 
P(OCH 2 ) 3 CR (R = Me and Et) in various solvents (97). Analogous trends 
were observed for the insertion reactions of CpFe(CO) 2 R and CpMo(CO) 3 R 
(48, 80, 98). 

In addition to influencing the reactivity, the coordinating ability of the 
solvent affects the mechanism of CO insertion. Thus, when a poorly 
coordinating solvent is employed together with a good nucleophile L, the 
A, path is almost invariably suppressed and the k 2 path takes over (Table I, 
reaction 6). Moreover, when the solvent effectively competes with L for 
the reactive intermediate (A',[L] comparable to k_ i ), a dependence of the 
rate on [L] toward a limiting value is observed (Table I, reaction 2). 

2. Nature of the Reactive Intermediate 

Evidence for the reactive intermediate in Eq. (20) is strictly of a kinetic 
nature. Since attempts at its detection by proton NMR spectroscopy starting 
with RMn(CO)j or CpMo(CO) 3 R were not successful (80, 81, 97), such a 
species must be present in low concentrations. 

For the reactions proceeding without an appreciable involvement of the 



TABLE I 


Influence of Solvent on Rates of CO Insertion 


Reaction 

No. 

Solvent 

Dep. on cone, of reactants* 

(sec -1 ) 

k 2 

(M-' sec" 1 ) 

Dielectric 

1 

(a) MeMn(CO), + C t H„NH 2 -* MeCOMn(CO) 4 (C 6 H,,NHj) * 
Dimethylformamide Reaction too fast to determine > 1.5 x 10 -1 


26.6 

2 

Methanol 

a(iii) 

6.33 x 10-’ 

— 

31.2 

3 

Nitromethane 

a(i) 

1.66 x 10- J 

— 

37.4 

4 

THF 

a (i) 

9.63 x 10-* 

— 

7.70 

5 

Mesitylene 

b 

2.18 x 10-‘ 

1.11 X 10-« 

2.27 

6 

Hexane 

b 

Too small, if any 

2.70 x 10~ 5 

1.91 

7 

(b) EtPt(CO)(AsPhj)Cl + AsPhj — 
1,2-Dichloroethane a (i) 

EtCOPt(AsPhi)jCl c 

14.0 x 10-* 


10.4 

8 

Nitrobenzene 

a(i) 

11.4 x lO' 4 

— 

34.8 

9 

Chlorobenzene 

a (iii), assumed 

7.57 x lO' 4 

— 

5.6 

10 

THF 

a(iii) 

4.92 x lO' 4 

— 

7.70 


1 See Section III,A for notations. 

1 At 25.5°C; from Mawby et at. (168). 

At 40.0°C; from Glyde and Mawby (93). 
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solvent (group (i), Section 1), this intermediate may be either a coordina- 
tively unsaturated acyl complex or a 7r-acyl derivative. In the case of 
RIr(CO) 2 LCl 2 this would correspond to structures (V) and (VI), respec¬ 
tively. What appear to be the first examples of a ir-bonded acyl complex, 
RCORu(CO)(PPh 3 ) 2 Cl (R = Me and Et), have recently been reported (132). 


Cl 2 L(CO)Ir—C—R 


Cl 2 L(CO)Ir^ 

(VI) 


That the intermediate is an acyl rather than, for example, an alkyl receives 
support from kinetic and stereochemical studies on reactions of MeCO- 
Mn(CO) 5 (Sections IV, V). 

When solvent does play a major role in the k x path [group (ii) reactions]— 
a mechanism referred to as the solvent-assisted pathway—the structure of 
the intermediate is even less certain. Basolo and co-workers (168) favor a 
solvated acyl complex such as, for example, RCOMn(CO) 4 S (S = solvent). 
This is principally on the grounds that the coordinating ability of the solvent, 
and not only its dielectric constant, appear to influence the rate of insertion 
(see Table I, reactions 2 and 3: MeOH > MeN0 2 ). Additional support 
derives from the large negative entropy of activation for these reactions 
(Section III,G). It has been suggested that the breaking of the M—R bond 
is assisted by the solvent. Formation of the acyl moiety is then complete 
with the entry of a solvent molecule into the coordination sphere of the 
metal. By way of contrast, Craig and Green (80, 81) prefer an unsolvated 
structure for the intermediate. Their preference is influenced by stereo¬ 
chemical considerations (Section V). 


C. Effect of Entering Ligand 

This is intimately related to the nature of the solvent. If the solvent is 
nonpolar and lacks coordinating ability, then generally [known exceptions 
are the Pt(II) and Ir(III) complexes mentioned in Section B] the insertion 
will proceed via attack of L upon the alkyl compound (k 2 path), e.g., Table I, 
reaction 6. 

However, in a solvent that is polar and or capable of coordination, com¬ 
petition will exist between the reaction of the intermediate with L to give 
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the acyl product and its reversion to the alkyl. If L is a sufficiently good 
nucleophile to capture the intermediate (whether solvated or not), then 
the ky path prevails either alone (e.g., Table II, reactions 1-5) or in parallel 
with the k 2 path (e.g., Table II, reactions 6 and 7). If not, then the insertion 
may still proceed via the k 2 path, e.g., Table II, reactions 8 and 9. 


TABLE II 

Representative CO Insertions with Different L 


Reaction 


A, 

a-,/a; 

Aj 

No. 

L 

(sec' 1 ) 

(M) 

(M-‘ sec-) 


(a) CpFe(CO),Et + 

L 

CpFe(CO)L(COEt) 4 


1 

PPh, 

1.32 x 10 

4 0.36 

— 

2 

PMejPh 

2.22 x 10 

4 0.41 

— 

3 

PMePhj 

1.78 x 10 

4 0.35 

— 

4 

P(OMe), 

1.84 x 10 

4 0.54 

— 

S 

P(OPh), 

1.35 x 10 

4 0.81 

- 


(b) CpMo(CO)jMe + 

L 

CpMo(CO)jL(COMe) 6 

6 

P(n-Bu), 

5.80 x 10 

-« — 

6.44 x 10-' 

7 

P(n-OBu), 

5.80 x 1C 

6 — 

5.00 x 10' s 

8 

PPh 3 

— 

— 

3.22 x 10-' 

9 

P(OPh), 

— 

— 

8.33 x 10— 


‘ At 47.5°C; from Green and Westlake (98). 
” At 50.7°C; from Butler et al. (48). 


Few quantitative data are available on the relative nucleophilicities of L 
toward various alkyl carbonyls. The rates of the reaction of CpMo(CO) 3 Me 
with L in toluene (Table II) decrease as a function of the latter reactant: 
P(m-Bu) 3 > P(n-OBu)j > PPh 3 > P(OPh) 3 , but the spread is relatively 
small (<8). The above order is that customarily observed for S N 2 reactions 
of low-valent transition metal complexes ( 3 , 214). Interestingly, neither 
CpMo(CO) 3 Me nor CpFe(CO) 2 Me reacts with I - or N, S, and As donor 
ligands (28, 79). This is in direct contrast to the insertion reactions of 
MeMn(CO) s which manifest much less selectivity toward various L (see 
Section VI,B,C,D for details). 
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D. Effect of Alkyl Group 

Rather limited information is available on how the nature of R affects 
the rate of CO insertion, all other factors being constant. A generalization 
that ethylmetal complexes react faster than the corresponding methyl 
carbonyls derives from investigations on four systems: RIr(CO) 2 (AsPh 3 )Cl 2 
(92), RMn(CO) s (51), CpFe(CO) 2 R (98), and CpMo(CO) 3 R (80). When 
R = Et the reactions with CO or P and As donor ligands proceed at least 
~6 times faster than when R = Me. 

In another study pertinent to the theme, Green and Westlake (98) 
examined the kinetics of the reaction 

CpFe(CO)jR + L ->• CpFe(CO)L(COR) (30) 

where L is a phosphine or a phosphite. In acetonitrile these insertions 
proceed via a solvent-assisted k { path, and the reactivity decreases: R = 
i-Pr > Et > Me. The values of AII* increase in this same order, reflecting 
the importance of the effect Fe—C (R) bond strength on the relative rates 
of insertion. An investigation of a related reaction (80, 81) 

CpMo(CO)jR + L -* CpMo(CO)2L(COR) (31) 

also in MeCN, showed that at 30.5-40°C the rates decrease with R as 
Et > Me (~15) > CH 2 Ph (7-8) > CH 2 CH=CH 2 (1). The authors took this 
to suggest that little or no charge separation occurs in the step Mo(CO)R -* 
Mo(COR). 

The rates of the carbonylation of RMn(CO) s with CO in 2,2'-diethoxy- 
diethyl ether at 30°C were reported by Calderazzo and Cotton (51). They 
decrease in the order: R = n-Pr (16)>Et (13)>Ph (1.7) > Me (1)> 
CH 2 Ph and CF 3 , the last two alkyls reacting immeasurably slowly. It is of 
interest that PhCH 2 Co(CO) 4 also carbonylates slowly compared to other 
RCo(CO) 4 alkyls (177). Thus, electron-releasing R groups enhance the 
rate, whereas electron-withdrawing R groups slow it down. Replacement 
of H in R with F invariably reduces the rate of CO insertion by strengthen- 
ingtheM—Rlinkage. The reactivity order: MeMn(CO) s > FCH 2 Mn(CO) 5 
>CF 3 Mn(CO) 5 toward ligands effecting the insertion offers an example 
of this behavior (54). It is significant that incorporation of CO into a transi¬ 
tion metal-perfluoroalkyl or -perfluoroaryl bond has yet to be reported. 
Similar general trends have been noted for substitution and other insertion 
reactions (3, 239). 
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£. Effect of Ancillary Ligands 

Again, this aspect of carbon monoxide insertion has not received much 
attention. Hart-Davis and Mawby (108), in a comparative study, examined 
the reaction of 7r-C 9 H 7 Mo(CO) 3 Me (VII) with various P donor ligands. 
They find that, in THF, (VII) undergoes CO insertion, via a solvent-assisted 



(VII) (VIII) (IX) 


path, ~20 times faster than the corresponding CpMo(CO) 3 Me. In hexane 
it reacts with P(m-Bu ) 3 about 10 times faster than does CpMo(CO) 3 Me, by 
an S n 2 path. A substituted 77 -indenyl complex, (VIII), reacts in THF more 
slowly than does (VII), but only by a factor of 2. This suggests that the 
enhancement of the rate on going from CpMo(CO) 3 Me to (VII) is not due 
principally to replacement of Cp with the better electron-withdrawing 
1T-C9H7. The authors propose that a 7r-allyl type of structure for (VII) may 
be important and contributes by making a vacant molybdenum orbital 
available for attack by L [see (IX)]. Similarities in the values of v(CO) for 
CpMo(CO) 3 Me and (VII) indicate that the stabilities of the respective 
ground states are essentially the same. 

For the reaction of EtIr(CO) 2 LCl 2 with L to give EtCOIr(CO)L 2 Cl 2 , the 
rates decrease with L: P donor > AsMe 2 Ph > AsPh 3 (92). Since the 
entering L does not affect the reactivity, it appears that a higher basicity 
of ligand L already in the complex promotes the union of Et and CO to 
give COEt. However, the opposite trend is observed for the alkyl-to-acyl 
rearrangement of MeRh(CO)L 2 ClI in Mel (88). The rates at 25°C vary 
with L in the order: />-C 6 H 4 F >/>-C 6 H 4 OMe. The values of AH* (11.2 
kcal/mole, />-C 6 H 4 F; 22.3 kcal/mole, />-C 6 H 4 OMe) reflect a weakening of 
the Rh—Me bond as the phosphine becomes less basic. 

Recently, an abstract has been published (83) of a kinetic study of 
reactions of RMn(CO) 3 L 2 (L = P donor ligand) with CO. No data were 
disclosed, however. 
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F. Intratriad Trends 

No comparative kinetic study has been made on the same alkyl carbonyl 
system for two members of a given transition metal triad. Qualitative data 
show that the middle member is more reactive than the heaviest one; e.g., 
CpMo(CO) 3 R > CpW(CO) 3 R (Section VI,B), Rh(III) > Ir(III) (Section 
VI,E), and Pd(II) > Pt(II) (Section VI,F). However, the extreme un¬ 
reactivity of CpW(CO) 3 R and a considerable difference in lability between 
most alkyls of Rh(III) and Ir(III), as well as those of Pd(II) and Pt(II), have 
prevented detailed investigations. Surprisingly, no kinetic studies have been 
conducted on insertion reactions of RRe(CO),, which would seem readily 
amenable to such investigations. 

G. Comparison of Various Systems 

The objective of this section is to compare relative reactivities, as well as 
the activation parameters, for the CO insertion of various types of metal 
alkyl. Reference will be made again to the classification of these complexes 
introduced in Section B,l. Some of the data examined are contained in 
Table III. 

Within group (i), square-planar EtPt(CO)(AsPh 3 )Cl inserts more rapidly 
than six-coordinate EtIr(CO) 2 (AsPh 3 )Cl 2 . In THF at 40°C, the relative 
k’s are ~9 and 1. Comparison of group (ii) alkyl carbonyls reveals the order: 
MeMn(CO) s > CpMo(CO) 3 Me > CpFe(CO) 2 Me. The ratios of the k’s 
are —23:1 and 100:1, respectively, in THF at 25° and 50.7°C. The higher 
reactivity of manganese than of molybdenum is a consequence of the relative 
entropies, whereas the lowest reactivity of iron is caused by its AH * (Table 
ni) - 

It is interesting to note that, in general, CO insertion reactions of group 
(ii) alkyls have much more negative dS* values and lower AH * values than 
those of group (i) alkyls. Typically, dS* will fall in the range —33 to —17 
and —8 to 2 e.u., and AH* will be 12 to 18 and 19 to 25 kcal/mole for group 
(ii) and (i) complexes, respectively. However, exceptions have been noted 
for group (ii). For example, the reactions of CpFe(CO) 2 Me with P(n-Bu) 3 
in THF (Table III) and of PhMn(CO), with P(OCH 2 ) 3 CEt in MeN0 2 (37) 
proceed by the A, path with AS* = —4 and 0 e.u. and AH* = 26 and 22 
kcal/mole, respectively. The more negative AS* values generally observed 
for group (ii) alkyls no doubt result from involvement of the solvent (or L, 
for the k 2 path) in the transition state. 



2 


TABLE III 

Representative Data for CO Insertion of Various Types of Metal Alkyl 


M 

R 

L 

M(CO)R + 
Temp. 
<°C) 

L THF > M(COR)L 

Dep. on cone. k, 

of reactants” (sec -1 ) 

JS* 

(e.u.) 

AH* 

(kcal/mole) 

Reference 

Pt(AsPhj)Cl 

Et 

AsPhj 

40.0 

a (iii) 

49.2 x 10 s 

-6.0 

21.4 

(93) 

Ir(CO)(AsPhj)Cli 

Et 

AsPhj 

40.0 

a (i) 

5.8 x 10-’ 

1.8 

25.0 

(92) 

Mn(CO), 

Me 

C 4 H,,NH 2 

25.5 

a(i) 

9.63 x 10* 

-17 

16.6 

(168) 

CpFe(CO) 

Me 

P(b-Bu)j 

50.7 

a (iii) 

3.86 x 10-‘ 

-4 

26.1 

(48) 

CpMo(CO)j 

Me 

P(b-OBu) 3 

50.7 

a (i) 

3.94 x 10-" 

-25 

16.1 

(48) 


' See Section III,A for notations. 
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KINETICS AND MECHANISM OF DECARBONYLATION 

A. Scope 

Elimination of carbon monoxide accompanied by conversion of an acyl 
group to the corresponding alkyl moiety has been termed decarbonylation. 
The process is represented by Eq. (12) with L = CO. 

The decarbonylation can be effected (1) thermally, (2) photolytically, and 
(3) chemically, by using a metal complex such as Rh(PPh 3 ) 3 Cl. The three 
types of processes will be considered in turn. 

B. Thermal Decarbonylation 

1. Perspective 

This is the most extensively, as well as intensively, studied type of the 
decarbonylation. Nevertheless, kinetic data are scarce. Conversion of metal 
acyls to their respective alkyls has been investigated for two systems: 
RCOMn(CO), {37, 50, 51) and XCH 2 COIr(PPh 3 ) 2 Cl 2 (X = Ph or a 
substituted Ph group) {160). 

Given in Eq. (32) is a general mechanistic scheme for the decarbonylation; 
ligand substitution is included for comparison: 



O 


The intermediate M(COR) is the same as that for carbon monoxide inser¬ 
tion. It may be a coordinatively unsaturated solvated or unsolvated o-acyl 
or, alternatively, a 7r-acyl. It is of interest that photolysis of MeCOMn(CO) 5 
in an Ar matrix at 15°K produces what appears to be a trigonal bipyramidal 
(C 3 „) MeCOMn(CO) 4 {209). 
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By assuming a steady-state concentration of M(COR) in Eq. (32), one 
obtains for the decarbonylation 


<f[M(CO)R] * 3 * 4 [M(COR)CO] 
dt ~ A_ 3 [CO] + * 4 


(33) 


and for the substitution 


d[M(COR)L] Mi[M(COR)CO][L] 
dt ~ fc_ 3 [CO] + k' 4 [L] 

Since the term &_ 3 [CO] is usually very small, Eq. (33) simplifies to 


rf [M(C O)R]^ 3[ M(coR) C o] 


(34) 


(35) 


Experimentally observed rate laws for the decarbonylation conform to 
Eq. (35). 

When >/s_ 3 [CO]—a condition frequently satisfied—Eq. (34) 

reduces to 


4M(COR)L]_ t[M(COR)CO) 


(36) 


and the rate of the decarbonylation equals the rate of ligand substitution. 
Experimental data for RCOMn(CO) 5 (R = Me and Ph) show (Table IV, 
reactions 1 and 4, and 2 and 5) that the substitution is somewhat faster than 
the decarbonylation. This presumably arises because the condition that 
k 4 > ^_3 [CO] is not strictly fulfilled. 

The rate law represented by Eq. (36) also accords with two other 
mechanistic schemes, illustrated for MeCOMn(CO) 5 [Eqs. (37) and (38)]. 


MeCOMn(CO) s 


MeMn(CO)j + CO 


MeCOMn(CO)«L 


(37) 


MeCOMn(CO)j 


Me—C—C — Mn(CO) 4 


Me—C—C—Mn(CO) 4 L 


MeCOMn(CO) 4 L 


(38) 



TABLE IV 


Rate Constants for Decarbonylation and CO Substitution Reactions of Manganese(I) 


Reaction 

No. 

R 

L 

Solvent 

Temp. 

(°C) 

k, 

(sec -1 ) 

K 

(M -1 )* 

Reference 




(a) RCOMn(CO), + L RCOMn(CO)„L 

+ CO 



1 

Ph 

P(OCHj)jCEt 

Nitromethane 

30.0 

23.4 x 10 -5 

— 

(37) 

2 

Me 

Li + I- 

2,2'-Diethoxydiethyl ether 

30.5 

3.2 x 10 -5 

— 

(54) 




(b) RCOMn(CO) 5 - RMn(CO), 

+ CO 




3 

Ph 

— 

2,2'-Diethoxydiethyl ether 

30 

22.4 x 10 -5 

66 

(51) 

4 

Ph 

— 

Nitromethane 

30.0 

13.3 x 10 -5 

— 

(37) 

5 

Me 

— 

2,2'-Diethoxydiethyl ether 

30 

2.85 x 10 -5 

366 

(50, 51) 

6 

Me 

— 

»-Octyl chloride 

30 

8.74 x 10 - ‘ 

— 

(50) 

7 

Me 

— 

Mesitylene 

30 

1.99 x 10 - ‘ 


(50) 

8 

Me 

— 

Dimethylformamide 

30 

6.61 x 10 - ‘ 

- 

(50) 

9 

Et 

— 

2,2'-Diethoxydiethyl ether 

30 

3.7 x 10 -5 

3300 

(51) 

10 

n-Pr 

— 

2,2'-Diethoxydiethyl ether 

30 

5.2 x 10 -5 

2700 

(51) 

11 

CHjPh 

— 

2,2'-Diethoxydiethyl ether 

30 

2.3 x 10 -s 

v. small 

(51) 




(c) RCOMn(CO) 4 PPh 3 -> RMn(CO) 4 PPh 3 

+ CO 



12 

Me 

— 

w-Hexane 

25 

3.8 x 10 -5 

— 

(169) 

13 

Me 

_ 

THF 

25 

2.7 x 10 -5 

— 

(169) 


* Equation (41). 
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However, the first pathway may be disregarded, since 13 C is retained in the 
acetyl moiety on going from Me 13 COMn(CO) s to Me 13 COMn(CO) 4 PPh 3 
(192). Moreover, PhCOMn(CO) s reacts considerably (~16 times) faster 
than does PhMn(CO), with P(OCH 2 ) 3 CEt in CHC1 3 at 25°C (37). The 
second scheme is to be ruled out because MeCOCOMn(CO) s decarbonylates 
21 times more slowly than MeCOMn(CO), on heating in C 6 H 6 at 75°C 
(60). 

2. Effect of Variables 

Kinetic studies have been carried out on the decarbonylation of 
RCOMn(CO) 5 


RCOMn(CO) 3 -► RMn(CO), + CO (39) 

in 2,2'-diethoxydiethyl ether at 30°C (50, 51). Some representative results 
are included in Table IV. The first-order rate constants ( k 3 ) increase with 
R = CH 2 Ph < Me < Et < »-Pr < Ph, but the spread is only ~10. With 
the exception of R = Ph, the above order parallels that for the carbonylation 
of RMn(CO) s (see Section III,D). That the rate constants span such a 
narrow range is not too surprising, since dissociation of a terminal CO in 
the rate-determining step need not be greatly influenced by the nature of 
R in COR. The observed order has been attributed to inductive, mesomeric, 
and steric effects associated with R. 

A study of the reaction 

RCOCo(CO) 4 + PPh 3 -► RCOCo(CO)jPPhj + CO (40) 


in diethyl ether at 0°C revealed first-order kinetics and a dependence on 
the nature of R which reflects also both steric and electronic effects (109). 
Here the rate of CO dissociation varies as R = CF 3 (0.1) < Me (1) < CH 2 Ph 
(1.3) < Ph (34). 

Since the reaction represented by Eq. (39) is reversible, one can ascertain 
the relative stabilities of the acyls and the corresponding alkyls by examining 
the values of the equilibrium constants, K[Eq. (41)]. 


[RCOMn(CO),] 
K [RMn(CO),][CO] 


(41) 


Table IVshows that in 2,2'-diethoxydiethyl ether at 30°C, PhCOMn(CO) 5 
and, particularly, PhCH 2 COMn(CO) 5 are considerably less stable with 
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respect to their decarbonylation products than EtCOMn(CO) s and n- 
PrCOMn(CO) s . However, no similar data are available for other systems. 

Solvent effects on the rate of the decarbonylation of MeCOMn(CO) 5 
were examined by Calderazzo and Cotton (50) and are presented in part in 
Table IV. In general they are very small, and no regular trends can be 
discerned. This virtual lack of dependence of the rate on the nature of the 
solvent and very little correlation between the rate and the dielectric 
constant of the solvent are typical of substitution reactions of metal carbonyls 
(3). In the light of the foregoing, a qualitative observation that CpFe(CO) 2 - 
COMe decarbonylates much more readily on treatment at reflux in non¬ 
polar heptane or cyclohexane than in polar dioxane is somewhat intriguing 
(219). 

Replacement of CO in MeCOMn(CO) s with PPh 3 seems to have little 
effect on the rate of the decarbonylation. As shown in Table IV, MeCO- 
Mn(CO) 4 PPh 3 (an isomeric mixture) reacts only slightly faster than 
MeCOMn(CO) 5 after provision is made for the difference in temperature 
(169). However, a recent kinetic study on the decarbonylation of CpMo- 
(CO) 2 L(COMe) (L = a tertiary phosphine) has shown that both inductive 
and steric properties of L are important (19a). Sterically demanding and 
weakly cr-bonding phosphines increase the reaction rate. 

Also neglected have been kinetic studies concerned with comparison of 
the rates of the decarbonylation of different M(COR)CO systems. Heck 
(109) reports that at 25°C MeCOCo(CO) 4 dissociates CO about 2250 times 
more rapidly than MeCOMn(CO) s . This may well be an approximate ratio 
of the respective rates of the decarbonylation. Qualitative, synthetically 
oriented experiments seem to indicate that RCOMn(CO) 5 decarbonylate 
faster than their rhenium counterparts (Section V,C). 

Particularly significant is the recently reported kinetic investigation of 
the reaction (160) 

O 

C 

| ,-CHjX 

XCH 2 COIr(PPh 3 ) 2 Cl 2 -*• PhjP—Ir—PPhj (42) 

Cl' 

Cl 


since no loss of ligand occurs in this conversion. Thus, the rate-determining 
step is the Ir(COCH 2 X) -> Ir(CO)CH 2 X deacylation [Eq. (32), k 4 step] 
rather than prior dissociation of CO [Eq. (32), £ 3 step]. Table V contains 
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some representative results. They were obtained for X = substituted Ph; 
the corresponding acetyl and benzoyl complexes rearrange too rapidly to 
be followed. 

It is to be noted that solvent effect on the reaction is rather small; e.g., a 
12-fold increase in rate was observed on going from THF to dimethyl- 
formamide (Table V, reactions 2 and 4). Addition of pyridine or PPh 3 , 
which may take up the vacant coordination site in the acyl, slows down 
the reaction by less than a factor of 2 (Table V, reaction 5). Furthermore, 


TABLE V 

Kinetic Data for Acyl-Alkyl Rearrangement 


Reaction 

No. 

XCHjCOIr(PPhj)jClj ->■ XCHjIffCOKPPhjJjCl, 
Temp. k\ 

X Solvent (°C) (sec' 1 ) 

AH* 

(kcal/mole) 

dS* 

(e.u.) 

1 

Ph 

Benzene 

35.0 

11.9 x 10-" 

17.5 

-15.2 

2 

Ph 

Dimethylformamide 

35.0 

51.2 x 10-" 

— 

— 

3 

Ph 

Chloroform 

35.0 

7.25 x 10-" 

— 

— 

4 

Ph 

THF 

35.0 

4.54 x 10-" 

— 

— 

5 

Ph 

Benzene -8.7 x 10~ 3 







pyridine 

35.0 

7.07 x 10-* 

— 

— 

6 

p-C 6 H 4 OMe 

Benzene 

35.0 

14.1 x 10'" 

15.0 

-22.9 

7 

p-C 6 H 4 NOj 

Benzene 

35.0 

6.32 x 10'" 

20.2 

-7.5 

8 

c 6 f s 

Benzene 

40.0 

0.68 x 10 " 

1 — 

— 


‘ From Kubota et al. (160). 


electron-releasing groups on the phenyl ring promote the rearrangement. 
However, the effect is not very large, e.g., a 30-fold enhancement for 
X=p-C 6 H 4 OMe compared to X = C 6 F 5 in benzene at 40°C. The small 
spread may be due to the structural similarity of the compounds examined. 
The values of AH* and dS* decrease from 20.2 kcal/mole and —7.5 e.u. for 
X=p-C 6 H 4 N0 2 to 15.0 kcal/mole and —22.9 e.u. for X =/>-C 6 H 4 OMe 
(Table V, reactions 7 and 6). The authors propose that CH 2 X migrates as 
a carbonium ion-like species onto the vacant coordination site. The varying 
dS* values then reflect the positions of the transition state along the reaction 
coordinate, with the more negative entropy indicating a greater carbonium 
ion character. However, the carbonium ion formalism is not to be taken 
literally, since such a species would provide a pathway for racemization at 
the a-carbon. As shown in Section V, this is not expected to occur. 
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C. Photolytic Decarbonylation 

The ultraviolet light-induced decarbonylation has been successfully 
effected in several types of transition metal acyl. It is particularly important 
when applied to those systems which do not eliminate CO under thermal 
conditions, e.g., CpFe(CO) 2 COR (141). Most of the work has been of a 
synthetic rather than mechanistic variety, however. 

It is believed that the primary step involves excitation of the acyl complex 
via a metal-to-terminal CO charge transfer (155). The molecule then loses 
CO and rearranges to the carbonyl alkyl, as shown in Eq. (43). However, it 

M(COR)CO ——* M(COR)CO* ~ C °> M(COR) -* M(CO)R (43) 

remains to be demonstrated that a terminal rather than the acyl CO is 
eliminated in these photochemical processes. 3 


D. Chemical Decarbonylation 

In some instances the decarbonylation can be effected, under mild 
conditions, by using a stoichiometric amount of a CO-abstracting metal 
complex. This method has proved to be fruitful for several CpFe(CO) 2 COR 
compounds (1, 2, 2a) and for CpMo(CO) 2 (PPh 3 )COPh (189) in conjunc¬ 
tion with Rh(PPh 3 ) 3 Cl. 

An infrared spectral examination (1) of the products of the reaction 

C*H« 

CpFe(CO) 2 13 COMe + Rh(PPh 3 ) 3 Cl 2? „ c > 

CpFe(CO)( 13 CO)Me + CpFe(CO)(PPh 3 ) »COMe + Rh(CO)(PPh 3 ) 2 Cl + PPh 3 (44) 

revealed that the acyl-to-alkyl conversion occurs with loss of a terminal and 
not the ketonic CO. As may be noted in Eq. (44), a major side reaction is 
ligand substitution. This reflects formation of a common, coordinatively 
unsaturated intermediate which is captured competitively by PPh 3 and the 
rearranging R group [see Eq. (32)]. The decarbonylation has been shown to 

3 Photochemical decarbonylation of CpFe(CO) 2 ,3 COMe has now been shown to 
afford CpFe(CO)( 13 CO)Me which is consistent with loss of a terminal CO [J. J- 
Alexander, private communication (April 1972)]. 
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prevail with CpFe(CO) 2 COCH(Me)Ph, whereas exclusive phosphine 
substitution occurs in CpMo(CO) 3 COCF 3 . Other acyl complexes tested 
yield varying amounts of both types of product. This diverse behavior 
provides some insight concerning the relative values of and k\ in Eq. 
(32) for the compounds examined. 

Although Rh(PPh 3 ) 3 Cl has been the only decarbonylating reagent 
employed to date, other platinum metal complexes may prove to be equally, 
if not more effective. Still to be tested are Ru(II), Pt(0), Pd(0), and other 
Rh(I) compounds, to mention a few. 


V 

STEREOCHEMISTRY OF CARBONYLATION 
AND DECARBONYLATION 

The intramolecular nature of carbon monoxide insertion is demonstrated 
by the ability of ligands L other than CO to convert an alkyl metal carbonyl 
to the corresponding acyl complex [Eq. (8)]. As further evidence, when 
L = CO, the origin of CO in the COR moiety—whether from the parent 
complex or L—has been established by using labeled carbon monoxide. 
Coffield et al. (29), by employing 14 CO in conjunction with MeMn(CO) s , 
were able to prove that the incoming CO occupies a terminal position [see 
Eq. (4)]. This finding was later corroborated by infrared spectroscopy with 
13 CO (797). More recently, it was found to hold also for PhCH 2 Co(CO) 3 - 
PPh 3 (777). As expected from the principle of microscopic reversibility, 
thermal decarbonylation of Me 13 COMn(CO) 5 yields MeMn(CO) 4 ( 13 CO) 
(797). The decarbonylation of CpFe(CO) 2 13 COMe with Rh(PPh 3 ) 3 Cl to 
give, inter alia, CpFe(CO)( 13 CO)Me was discussed in Section IV,D. 

A stereochemical point of considerable interest concerns the position of 
entry of L with respect to the newly formed acyl moiety. This has been 
investigated for RMn(CO) s and CpMo(CO) 3 R. 

An infrared spectral examination of the product of the reaction 

Me. 

^c=o 
| .' 3CO 

-► OC—Mn—CO 


MeMn(CO)j + >JCO 


(45) 
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showed that 13 CO is present in a position cis to COMe (191). Similarly, by 
using PPh 3 or P(OCH 2 ) 3 CMe as the external nucleophile L, it has been 
demonstrated that the initial products are m-MeCOMn(CO) 4 L (192, 99). 
The PPh 3 -acetyl complex then equilibrates to a mixture of the cis and trans 
isomers (192). An extensive study (157) of reactions of MeMn(CO) 5 with 
various L confirmed the generality of the m-acetyl being the kinetic product. 
With many L, the initial insertion is followed by a cis-trans isomerization. 

Reactions of CpMo(CO) 3 R with L also yield products in which COR and 
L occupy closest possible positions. Thus, CpMo(CO) 3 CH 2 CH 2 CH 2 Br 
and PPh 3 [Eq. (18)] afford the cis product (X) which then isomerizes to the 




trans configuration (XI) (78). The earlier conclusion (80) that CpMo(CO) 3 R 
(R = Me and Et) react with various P donor ligands (L) in MeCN or 
CHC1 3 to give the trans-acyls directly was taken as evidence against the 
intermediacy of solvated CpMo(CO) 2 (MeCN)COR. This is because such 
a species would have to undergo displacement of MeCN by L with retention 
of stereochemistry. However, the original assignment of a trans configuration 
to the kinetic products has been now questioned (78). The primary products 
appear to be the m-acyls, which then rapidly rearrange to the trans isomers. 

Another aspect of stereochemistry of the CO insertion which has received 
attention concerns the actual process of formation of the acyl moiety from 
the coordinated CO and R. Three possible pathways may be envisaged. 
First, the alkyl moves from the metal onto an adjacent CO. This is known 
as the “alkyl migration” mechanism. Second, a coordinated CO moves to 
insert into the M—R bond—a “CO insertion” mechanism. Third, both 
CO and R move in a cooperative manner. These three pathways are 
represented schematically in Eq. (46). 
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R 

I 

L—M—CO 
L' 



The original claim (169) that the decarbonylation of MeCOMn(CO) 4 - 
PPh 3 to «i-MeMn(CO) 4 PPh 3 proceeds via methyl migration was later 
shown to be inconclusive (156). This is because cis- and tranr-MeCOMn- 
(CO) 4 PPh 3 equilibrate rather rapidly in solution during CO elimination. 
However, Noack and Calderazzo (191) subsequently demonstrated that 
decarbonylation of «r-MeCOMn(CO) 4 ( IJ CO) gives cis- and trawr-MeMn- 
(CO) 4 ( n CO) in the ratio 2:1, consistent with the mechanism of methyl 
migration onto the site of dissociated CO [Eq. (47)]. The reverse of the 
mechanism of carbon monoxide insertion would have given exclusively 
the cis isomer, and a symmetrical cooperative process would have afforded 
a higher proportion of the cis- to the trawr-alkyl, the exact ratio depending 
on the structure of the reaction intermediate. 



o 

C 

I y co 



| “ co 
OC—Mn^-CO 


C 

o 


o 

c 

I ? co 

OC—Mn—CO (47) 

OC^ 

C 
O 


50% probability 


25% probability 


25% probability 
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In further support of the alkyl migration, the reaction 
Me 

| .‘ 3CO 

OC—Mn—CO + CO -*• 

OC^ | 

C 

O 


| .'- 3CO 
OC—Mn—C—Ml 


| ,P co 

OC—Mn—CO 


c 1,3C—Me 

i / & 

OC—Mn—CO (48) 

OC^| 


affords the cis, trans, and 13 COMe acetyls in the ratio 2:1:1. Carbonyl 
insertion would not have yielded the trans isomer, whereas a cooperative 
pathway would have increased the above ratio of the cis to the trans isomer. 
The stereochemistry of the forward and the reverse reaction (200) 


PMe, PMe, Me 

I .,- 00 *co I/ C Nd 

OC—Fe—Me , OC—Fe-CO (49) 

l/| -CO 

PMe 3 PMe 3 

(XII) (XIII) 

also supports methyl migration. However, the possibility that either (XII) 
or (XIII) (whose structures were assigned on the basis of their infrared 
spectra and dipole moments) are secondary, thermodynamically stable, 
products cannot be completely dismissed. 

For the recently reported carbon monoxide insertion reaction (94) 


(2) 

O 

c 


(1) 


I Xl(l) 

Et—Ir—L 

o<S\ 

Cl(2) 


? I,-" CI 
i<p 


(SO) 


(XIV) 


(XV) 


where L = AsMe 2 Ph and L' = AsMePh 2 , the hypothesis of alkyl migration 
does not account for the spectroscopically inferred structure of (XV). 
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Complex (XV), which isomerizes to (XVI) in a subsequent, slower step, 
almost certainly is the kinetic product. Its stereoselective formation from 


Et—C— It —Cl 

L I 


<i> g 

° I ,.cm 


Cl(2) 

(XVII) 


(XIV) and L' [Eq. (50)] may be best rationalized on the basis of the inter¬ 
mediacy of square-pyramidal (XVII), which arises from (XIV) via a 
concerted approach of Et and CO(l), accompanied by the opening of the 
Cl(l)—Ir—L bond angle. 4 It is entirely possible that this mechanism of 
cooperative migration may be as general, if not more so, than that of alkyl 
migration. 

A complete description of stereochemistry of the carbon monoxide 
insertion and decarbonylation requires knowledge of configurational 
changes at the metal and a-carbon. Calderazzo and Noack (54) showed that 
the optical activity of the equilibrium mixture 


(+) D -PhCHj«CH(Me)COMn(CO), ^ (+) D -PhCH 2 *CH(Me)Mn(CO) 5 + CO (SI) 


does not change with time. Therefore, the forward and the back reaction, 
both relatively fast, are stereospecific. Similarly, the decarbonylation (2) 


(-) 5 4«-CpFe(CO) 2 CO*CH(Me)Ph + Rh(PPh 3 ) 3 Cl -► 

(+)546-CpFe(CO) 2 *CH(Me)Ph + Rh(CO)(PPh 3 ) 2 Cl + PPh 3 (52) 

was found to proceed with retention of optical activity, although It could 
not be determined whether this corresponds to retention or inversion at 
a-carbon. 

The latter question was resolved recently by examination of the NMR 

4 Additional results indicate that the formation of (XV) is the result of the fact that 
S-coordinate Ir(III) complexes prefer a square-pyramidal geometry with the vacant 
octahedral site trans to the most strongly tram-labilizing ligand (COEt) [R. J. Mawby, 
private communication (March 1972)]. 
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spectrum of the diastereomeric (owing to asymmetric iron) products of the 
reaction: 


CMe, 



Fe(CO) 2 Cp 


CMe, 



(S3) 


The threo alkyl yields exclusively (>95%) the threo acyls, indicating reten¬ 
tion of configuration at carbon (237). Retention was also observed for the 
carbonylation of palladium-bicyclo[2.2. ljheptadiene complexes to saturated 
carboxylic esters in the presence of alcohol (218, 131a). These reactions no 
doubt proceed through formation of Pd—C tr-bonds, carbon monoxide 
insertion into them, and cleavage of the resulting Pd—C (acyl) linkages. And 
finally, Rh(PPh 3 ) 3 Cl-promoted decarbonylation of several optically active 
aldehydes, R"R'R*CCHO, was shown generally to be highly stereoselective, 
taking place with retention of configuration (236). 

There has been only one study concerned with stereochemical changes at 
an asymmetric metal. It dealt with the photochemical decarbonylation (208): 

J CO . .CO 

CpFe—C—CH 2 CHPh CpFe—CH 2 CHPh + CO (54) 

\|) Me V PPh 3 Me 

PPhj 


Both the alkyl and the acyl have two asymmetric centers: the iron and the 
)3-carbon. Accordingly, each composition exists as a pair of racemic 
mixtures. When the two diastereomeric racemic mixtures of the acyl are 
separately subjected to the decarbonylation in Eq. (54), only partial (<50%) 
epimerization is observed by NMR spectroscopy. This indicates that in the 
reactive intermediate, presumably three-coordinate CpFe(PPh 3 )COCH 2 - 
CH(Me)Ph, the iron substantially retains its asymmetry, and is therefore 
not planar. 


VI 

SURVEY OF REACTIONS 

The known CO insertion and decarbonylation reactions are surveyed in 
this section. Kinetic and stereochemical results already discussed in 
Sections II-IV have been given a cursory mention for the sake of complete¬ 
ness. Not comprehensively covered are processes which likely proceed via 
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CO insertion (as inferred from the nature of products), but in which the 
actual insertion or decarbonylation step has received at most peripheral 
attention. This particularly applies to industrial carbonylation processes 
such as hydroformylation. The interested reader is referred to several 
excellent articles on these subjects (30, 32, 62, 117, 198a, 203a, 228). 

Reactions of metal carbonyls with alkyllithium reagents to give the 
corresponding acyls, e.g., conversion of W(CO) 6 to Li[PhCOW(CO) s ] 
with LiPh (90), undoubtedly involve attack of LiR upon coordinated CO. 
Another carbanion-like interaction with a bonded CO is thought to be 
responsible for the formation of 

I-1 

(0)C(CF 3 )C=C(CFj)Ru(C0) 2 [P(0Me)j] 2 

from Ru(CO) 3 [P(OMe) 3 ] 2 and CF 3 C=CCF 3 (47). Such reactions are 
excluded, as are also all aspects of the chemistry of acyl metal complexes 
other than the carbon monoxide insertion and elimination. 

A. Titanium and Vanadium Triads 

No CO insertion or decarbonylation studies have been reported for these 
elements. However, the recent preparation of several stable alkyls (243) 
may provide some impetus for such investigations. 5 

8. Chromium Triad 

1. Chromium 

Attempts at the carbonylation of CpCr(NO) 2 Me in hexane or THF at 
reflux resulted only in recovery of the nitrosylalkyl (105). A recent report of 
the reaction between CpCr(CO) 3 Me and L [L = PPh 3 , P(p-C 6 H 4 OMe) 3 , 
and PMe 2 Ph] to yield <ranr-CpCr(CO) 2 L(COMe) furnishes the first 
example of insertion of CO into Cr—C bonds (19b). 

2. Molybdenum 

The alkyls investigated have been principally of the type CpMo(CO) 3 R, 
their dicarbonyl substitution products, and 7r-indenyl analogs. 

High-pressure carbonylation of CpMo(CO) 3 R yields the very unstable 
acyls. The acetyl was detected by infrared spectroscopy but not isolated 
(70), whereas the propionyl decomposes readily to [CpMo(CO) 3 ] 2 (172). 

5 Insertion of CO into Ti—C bonds has very recently been reported for reaction of 
Cp 2 Ti(CH 2 Ph) 2 with CO and for oxidative additions of Mel and EtI to Cp 2 Ti(CO) 2 . See 
refs. (89a) and (90a), respectively. 
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The reaction between CpMo(CO) 3 Et and CO at 80°-100°C and 100 atm 
affords also [Tr-EtC 5 H 4 Mo(CO) 3 ] 2 (172). 

Carbonylation of CpMo(CO) 3 R with various C and P donor ligands (L) 
has afforded a series of CpMo(CO) 2 L(COR) complexes. These reactions 
can usually be carried out at room temperature in a polar solvent such as 
MeCN. At higher temperatures, decarbonylation to CpMo(CO) 2 LR may 
become noticeable. Prepared in this manner have been the following: 
CpMo(CO) 2 L(COMe) [L = PPh 3 (18, 20, 100)- PEt 3 (56); P(h-Bu) 3 , 
P(OPh) 3 ( 18 ); P(OMe) 3 (18, 56); Tdp (17, 56); P(h-OBu ) 3 (48)- Me 3 CNC, 
and 2,6-Me 2 C 6 H 3 NC (245)], CpMo(CO) 2 L(COEt) [L = PPh 3 , P(h-Bu) 3 , 
P(OMe) 3 , P(OEt) 3 , P(OPh) 3 , and P(OCH 2 ) 3 CMe] (80), CpMo(CO) 2 - 
L(COCH 2 CH=CH 2 ) [L = PPh 3 and P(OCH 2 ) 3 CEt] (81), CpMo(CO) 2 - 
L(COCH 2 Ph) [L = PPh 3 , P(w-Bu) 3 , P(OPh) 3 , P(OCH 2 ) 3 CEt (81), and 
Me 3 CNC (245)], Tr-C 9 H 7 Mo(CO) 2 L(COMe) [L = PPh 3) P(OMe) 3 , and 
P(OPh) 3 ] (108), and 7r-(MeO) 2 C 9 H 5 Mo(CO) 2 [P(OMe) 3 ]COMe (108). The 
reaction of CpMo(CO) 3 (CH 2 C 6 H 4 X-/>) with C 6 H, ,NC [Eq. (5)] yields both 
CpMo(CO) 2 (C 6 H u NC)(COCH 2 C 6 H 4 X-/>) and CpMo(CO) 3 [C(CH 2 C 6 - 
H 4 X-/>)=NC 6 H u ], the amount of the latter product increasing with the 
electron-withdrawing ability of X in the order: OMe (40%) < H (51%) < 
Cl (72%) (246). The ionic K[CpMo(CO) 2 (CN)COMe] was prepared by 
treatment of CpMo(CO) 3 Me with KCN (158a). 

Treatment of CpMo(CO) 3 R with bidentate P donor ligands (L—L) 
affords the following: [CpMo(CO) 2 COR] 2 (L—L) (XVIII) [R = Me or 
CH 2 Ph, L = Ph 2 PCH 2 CH 2 PPh 2 (20, 147), Me 2 PCH 2 CH 2 PMe 2 , and 
tranr-Ph 2 PCH=CHPPh 2 (147)] and [CpMo(CO) 2 COMe] 2 (L—L) [L—L = 
Ph 2 PC=CPPh 2 (147) and Ph 2 PCH 2 C=CCH 2 PPh 2 (745)]. The reaction 
between CpMo(CO) 3 R (R = Me or CH 2 Ph) and m-Ph 2 PCH=CHPPh 2 
(L—L) in MeCN yields Mo(CO) 2 (L—L) 2 instead (147). 


\ ^L— l/' C=0 


(XVIII) 


Iodide (48), As(OCH 2 ) 3 CMe, S(t-Bu) 2 (79), and pyridines (80) do not 
react with CpMo(CO) 3 Me in THF or MeCN. However, interaction between 
Na[CpMo(CO) 3 ] and 2-(chloromethyl)pyridine has afforded (XIX) (144), 
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(XIX) (XX) 

no doubt via the intermediacy of (XX). When Na[CpMo(CO) 3 ] and 
Br(CH 2 ) 2 C(R)=C=CHR' (R = R' = H; R = H, R' = Me; R = Me, 
R' = H) are heated in THF, novel w-allene acyl complexes (XXI) result (23). 



(XXI) 

Their precursors must be the tricarbonyl o-allenyls with the uncoordinated 
C=C bonds. Neither an allylic rearrangement nor cis-trans isomerization 
has been observed in the reaction of CpMo(CO) 3 (m-CH 2 CH=CHMe) 
with PPh 3 , the product being CpMo(CO) 2 (PPh 3 )(«r-COCH 2 CH=CHMe) 
(81). The interesting reaction leading to the formation of cationic carbene 
compounds was mentioned earlier [Eq. (17) and Section V] (78). 

Insertion of CO into Mo—C bonds has been postulated in the reaction 


RCH=CH 2 + CC1 4 + CO -* Cl 3 CCH 2 CH(R)COCl + C1 3 CCH 2 CH(R)C1 (55) 


catalyzed by [CpMo(CO) 3 ] 2 (221). 

Kinetic studies have been made of the reaction of CpMo(CO) 3 R (R = Me, 
Et, CH 2 Ph, and CH 2 CH=CH 2 ) (48, 80, 81) and ir-X 2 C,H s Mo(CO) 3 Me 
(X = H or OMe) (108) with a variety of P donor ligands L. Solvents 
employed ranged from nonpolar hexane to polar THF and MeCN. 
Generally, the mechanism is very sensitive to the coordinating ability of 
the solvent and the nucleophilicity of L. 

Unlike the parent tricarbonyls, complexes of the type CpMo(CO) 2 LR do 
not appear to undergo CO insertion. Attempts at the carbonylation of 
CpMo(CO) 2 (PPh 3 )Me under 78 atm of CO were unsuccessful (17) \ passing 
CO through a solution of the dicarbonyl in THF at reflux afforded only 
some CpMo(CO) 3 Me (20). 
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The decarbonylation of the perfluoroacyl complexes CpMo(CO) 3 COR F 
(R f = CFj and C 3 F 7 ) and [CpMo(CO) 3 ] 2 [CO(CF 2 ) 3 CO], which are much 
more stable than their hydrocarbon counterparts, can be effected by heating 
at 115°-130 Q C (141). However, an attempted elimination of the acyl CO 
from CpMo(CO) 3 COCF 3 with Rh(PPh 3 ) 3 Cl gave only CpMo(CO) 2 - 
(PPh 3 )COCF 3 (1). 

Complexes of formula CpMo(CO) 2 L(COR) decarbonylate readily to 
CpMo(CO) 2 LR on heating. Occasionally CpMo(CO) 3 R is also produced 
in these reactions, perhaps via migration of R with displacement of L. Thus, 
CpMo(CO) 2 L(COMe) [L = PPh 3 (20) and Tdp (17)] on heating in THF 
yield both the dicarbonyl alkyl and the tricarbonyl acyl. However, decar¬ 
bonylation in CD 3 CN at 60°C of the acetyls with L = PPh 3 , P(OPh) 3 , 
P(OMe) 3 , and P(m-Bu) 3 is reported to give only the corresponding di¬ 
carbonyl methyl complexes (18). The L = PPh 3 acetyl of a trans configura¬ 
tion yields the trans product. Photochemical CO elimination from cis,trans- 
CpMo(CO) 2 (CNCMe 3 )COCH 2 Ph affords the trans- alkyl (245). The 
complex CpMo(CO) 2 (PPh 3 )COPh, which undergoes destruction in THF 
at reflux, has been successfully decarbonylated with Rh(PPh 3 ) 3 Cl (189). 

Recently a kinetic study has been reported of the decarbonylation of 
various CpMo(CO) 2 L(COMe) (L = a tertiary phosphine) to CpMo(CO) 2 - 
LMe (19a). 

3. Tungsten 

Reactions of CpW(CO) 3 R with various ligands proceed much more 
slowly than those of CpMo(CO) 3 R. Apart from one report—that CpW- 
(CO) 3 Me reacts with PEt 3 to give CpW(CO) 2 (PEt 3 )COMe (experimental 
conditions were not provided) (56) —no CO insertion had been observed 
until 1972 (vide infra). Instead, reactions of CpW(CO) 3 Me with PPh 3 or 
Ph 2 PC=CPPh 2 under forcing conditions have yielded only CpW(CO) 2 - 
(PPh 3 )Me (20) and [CpW(CO) 2 Me] 2 (Ph 2 PC=CPPh 2 ) (147), respectively, 
via an unknown mechanism. The former product is also obtainable, in 
better yields, photochemically (20). Treatment of CpW(CO) 3 COMe with 
PPh 3 in THF at reflux affords trace quantities of CpW(CO) 3 Me and 
CpW(CO) 2 (PPh 3 )COMe (17), but their origin has not been explored. 

Recently it has been reported that the reaction between CpW(CO) 3 Me 
and KCN yields K[CpW(CO) 2 (CN)COMe] (158a). 

Unlike some of their molybdenum analogs, CpW(CO) 3 COR (R = CF 3 , 
C 3 F 7 , and CH=CH 2 ) do not lose CO on sublimation (141). However, 
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decarbonylation of the last compound has been observed in the mass 
spectrometer (140). 

C. Manganese Triad 

1. Manganese 

Complexes of the type RMn(CO) 5 , where R is a primary alkyl group, 
undergo facile CO insertion at room temperature. Carbonylated to the 
corresponding acyls have been the pentacarbonyls with R = Me (50, 69), 
Et (51, 70), n-Pr (51), and CH 2 SiMe 3 (243). The phenyl compound, 
PhMn(CO) s , also inserts CO, but the benzyl analog does not (51). The 
claim (194) that CX 3 Mn(CO) 5 (X = H, D, or F) converts to CX 3 COMn- 
(CO)„ (n < 5) upon irradiation in an Ar matrix at 17°K has been disputed 
(209). Carbon monoxide dissociation and recombination have been pro¬ 
posed instead for MeMn(CO) s . 

A large number of RCOMn(CO) 5 complexes have been decarbonylated 
[Eq. (39)]. They include the acyls with R = Me (50, 69), Et, n-Pr (51), 
CH 2 Ph (69), CH 2 CH(Me)Ph (54), and Ph (51, 70), all of which lose CO on 
storage in solution. Also decarbonylated, but principally with a view to 
synthesizing the corresponding alkyls, have been the following: R = CF 3 
(22, 70, 171), C 2 F 5 (135), *-C 3 F 7 , t-C 3 F 7 , (CF 2 ) 4 C1, (CF 2 ) 4 H (171), 
(CF 2 ) 2 H (226), />-C 6 H 4 OMe, />-C 6 H 4 F (193), /-C 6 H 4 X (X = Cl, Br, 
and I) (182), m- and />-C 6 H 4 CN, m- and />-C 6 H 4 CF 3 , m-C 6 H 4 X (X = F, 
Cl, and Br) (217), (CH 2 ) 2 C0 2 Me (178), 2-furyl (179), 5-methyl-2-furyl, 
2-thienyl, benzofuryl (180), and COMe (60). Heating [Mn(CO) s ](CORCO) 
at >100°C has afforded bimetallic alkyls with R = (CF 2 ) 3 (139), m-C 6 H 4 
(181), and />-C 6 H 4 (178,181). Another decarbonylation is that occurring in 
the synthesis of (2-C 4 H 3 S)Mn(CO) 5 from 2-ClCOC 4 H 3 S and NaMn(CO) 5 
(207). No decarbonylation of CprCOMn(CO) s could be effected either 
thermally or photolytically (44). On heating, ClCH 2 COMn(CO) 5 de¬ 
composes to unidentified products (55), and o-MeC 6 H 4 COMn(CO) 5 
yields Mn 2 (CO) ,0 (184). 

Complexes of formula MeCOMn(CO) 4 L with L= SbPh 3 , AsPh 3 , or a 
P donor ligand lose CO either spontaneously on storage or on warming to 
afford m-MeMn(CO) 4 L (157). However, the corresponding amine (157) 
or iodo (136) acyls could not be decarbonylated. Perfluoroacylmanganese 
tricarbonyls readily undergo the decarbonylation on heating. Thus, 
thermolysis (60°-130°C) of CF 3 COMn(CO) 3 L 2 [L = PPh 3 or P(OPh) 3 ] 
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and C 2 F 5 COMn(CO) 3 (PPh 3 ) 2 has yielded the corresponding alkyls. By 
contrast, loss of the acyl CO occurs spontaneously when Mn(CO) 3 [P- 
(OPh) 3 ] 2 ~ is treated with (C 2 F 5 C0) 2 0 (129). Unfortunately, these data do 
not permit a generalization concerning the relative ease of CO elimination 
from RCOMn(CO) 5 and the analogous RCOMn(CO) 3 L 2 . 

The reactions of RMn(CO) 5 with a large variety of ligands other than CO 
have been the subject of both synthetic and mechanistic studies. In general, 
these pentacarbonyls manifest much less selectivity toward different L 
than do CpMo(CO) 3 R. Thus, formation of MeCOMn(CO) 4 L is effected by 
PPh 3 (52, 156); PMePh 2 , PMe 2 Ph, PEt 3 , PPh 2 H (157); P(OCH 2 ) 3 CMe 
(99, 157); P(OCH 2 ) 3 CEt (99); P(OPh) 3 , P(OMe) 3 (157); AsPh 3 , SbPh 3 
(13,15); C 6 H n NH 2 , (Me)(C 6 H n )NH, PhNH 2 (136, 157); NH 3 (136), I-, 
CN ", SCN~, and OMr (53). Some of these reactions proceed to completion; 
in other cases, equilibria are established among cis- and /ran^-MeCOMn- 
(CO) 4 L, their decarbonylation product cw-MeMn(CO) 4 L, and/or MeMn- 
(CO) 5 (157). For every system examined, cw-MeCOMn(CO) 4 L forms 
initially in the insertion. The ligands BiPh 3 , PC1 3 , (C 6 H n ) 2 NH, Ph 2 NH, 
P(o-C 6 H 4 Me) 3 (157), C 5 H 5 N, and Me 3 N (136) fail to react, presumably 
owing to a combination of steric and electronic factors. 

The methyl pentacarbonyl reacts also with Ph 2 P(CH 2 )„PPh 2 (n = 1 or 2) 
(L—L) to afford /ac-MeCOMn(CO) 3 (L-L) (158, 170). Each complex 
decarbonylates to the alkyl of the same stereochemistry (158). A higher 
ratio of MeMn(CO) s to the n = 2 ligand in the first reaction results in the 
formation of [MeCOMn(CO) 4 ] 2 (L—L) (170). 

The role of L can be also assumed by Mn(CO) s ~. If the equilibrium 
mixture (59) 

Mn(CO),- + MeMn(CO), , [(CO) 5 MnMn(CO) 4 ]- (56) 

c=o 

I 

Me 

is treated with Me 3 0 + BF 4 ~, a carbene complex, (CO) 5 MnMn(CO) 4 - 
[C(Me)OMe], results. A similar type of structure has recently been proposed 
for [Mn(CO) 5 ] 2 (CH 2 ) 3 ; it undoubtedly arises through carbon monoxide 
insertion (58). 

Insertion reactions have also been observed for the pentacarbonyls with 
R = CH 2 F, effected by L = I - (54), and R = various aryl groups, by several 
L. The unstable acyl PhCOMn(CO) 4 PPh 3 , formed from PhMn(CO) 5 and 
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PPh 3 , readily decarbonylates to cw-PhMe(CO) 4 PPh 3 (35). Interestingly, 
treatment of the last-mentioned compound with 250 atm of CO affords 
PhCOMn(CO) 5 (13). Cyclohexylamine and aniline (RNH 2 ) react with 
PhMn(CO) 5 to give the expected PhCOMn(CO) 4 (RNH 2 ) (136). A complex 
series of interrelated carbonylation and decarbonylation reactions occur in 
systems derived from PhMn(CO) 5 and P(OCH 2 ) 3 CEt (L) (35). Insertion 
yields cw-PhCOMn(CO) 4 L (which is stable, unlike its L = PPh 3 counter¬ 
part), both fac- and mer( L’s frani)-PhCOMn(CO) 3 L 2 , and, under forcing 
conditions, PhCOMn(CO) 2 L 3 . Analogous aroyl or aryl tri- and tetra- 
carbonyls have been isolated from reactions of PhMn(CO) 5 with AsPh 3 , 
SbPh 3 , P(OMe) 3 , P(OPh) 3 , P(OPh) 2 Me, and Ph 2 PCH 2 CH 2 PPh 2 (13, 15). 

Aryl complexes bearing a meta or a para substituent undergo similar 
reactions. Accordingly, the pentacarbonyls with R = m- or p-C 6 H 4 X 
(X = F or Cl) react with a number of P and As donor ligands and, depend¬ 
ing on the conditions, force the formation of aryl or aroyl tetra- or tri¬ 
carbonyls (4, 217). However, the reaction of C 6 F 5 Mn(CO) 5 with neutral 
ligands proceeds only with replacement of CO (197). 

Consistent with its reported inertness to carbonylation (51), PhCH 2 Mn- 
(CO) 5 does not yield an acyl on treatment with C 6 H, ,NH 2 (136). The related 
complex w-FC 6 H 4 CH 2 Mn(CO) 5 reacts with neutral mono- and bidentate 
ligands to furnish substitution products (217). 

The reactions of MeMn(CO) 5 with various phosphines and phosphites 
(L) to give/ac-MeCOMn(CO) 3 L 2 and/or mer( L’s frans)-MeCOMn(CO) 3 L 2 
have been monitored by NMR spectroscopy (166). Sterically demanding 
L’s promote formation of the meridional over the facial isomer. Interestingly, 
the meridional acetyls decarbonylate more easily than their facial counter¬ 
parts, perhaps owing to a weaker Mn—CO bond cis to COMe in the 
former. 

When MeCOMn(CO) 3 L 2 and L [L = P(OMe) 3 ] are heated under 
ultraviolet light, the initially formed MeMn(CO) 3 L 2 reacts further to give 
MeMn(CO) 2 L 3 and MeMn(CO)L 4 (225). These alkyls undergo CO 
insertion at 300 psi, yielding MeCOMn(CO) 3 L 2 . 

Two examples are noteworthy of the chelate effect in the formation of acyl 
complexes. The reaction of NaMn(CO), with MeSCH 2 CH 2 Cl at -78°C 

yields MeSCH 2 CH 2 COMn(CO) 4 (143), the intermediacy of the penta- 
carbonyl alkyl being a virtual certainty. Similarly, NaMn(CO) s and 


ClCH 2 CH 2 NMe 2 afford Me 2 NCH 2 CH 2 COMn(CO) 4 (144). 
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Both MeMn(CO) 5 and PhMn(CO) 5 react with acetylenes to yield vinyl 
ketone tetracarbonyl complexes, most likely via a pathway involving CO 
insertion [Eq. (18)] (14, 36). Reactions of these same alkyls with 1,3-dienes 
may proceed similarly (16, 95, 96). The chelating ligand o-styryldiphenyl- 
phosphine (L—L) converts MeMn(CO) s into two products (25) whose 
structures (XXII and XXIII) were elucidated by X-ray crystallography 
(24). An unusual migration of COMe onto L—L occurs subsequently to 
the initial insertion step. 



(XXII) (XXIII) 


Unexpected types of behavior include formation in small amounts of 
Mn 2 (CO) 9 CNPh and Mn 2 (CO) 8 (CNPh) 2 from RMn(CO) 5 (R = Me or 
Ph) and PhNC (134), and phosphine replacement by CO in MeMn(CO) 4 - 
Tdp to give MeMn(CO) s (150). 

Kinetic (37, 50-52, 97, 168) and stereochemical (54, 191, 192) investiga¬ 
tions on the carbonylation of manganese alkyls and the decarbonylation of 
manganese acyls were already discussed in Sections III-V. The original 
finding (50) that the rate of CO insertion follows second-order kinetics 
has now been qualified (192). At higher pressures of CO (>15 atm) the 
first-order rate law [Eq. (23)] is obeyed. 

2. Rhenium 

Little work has been done with analogous compounds of rhenium. 
Treatment of />-ClC 6 H 4 Re(CO) 5 with PPh 3 at 50°-60°C yields cis-p- 
ClC 6 H 4 Re(CO) 4 PPh 3 by an unknown pathway. The same product results 
from />-ClC 6 H 4 CORe(CO) 5 and PPh 3 ; the decarbonylation followed by 
ligand substitution has been proposed. The reaction of ot-C 1C 6 H 4 CO- 
Re(CO) 5 with PPh 3 proceeds similarly (4). 

Acylrhenium pentacarbonyls lose CO on heating, but generally at 
temperatures 30°-70°C higher than those required for the corresponding 
RCOMn(CO),. The following RCORe(CO) s have been decarbonylated: 
R = Me, Ph (127)\ C 2 F 5 , C 3 F 7 (135); C 6 F 5 (133), m- andp-C 6 H 4 Me (184); 
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/)-C 6 H 4 X (X = C1, Br, and I) (182)’, o- and m- C 6 H 4 C1 (183); and o- 
RCB 10 H 10 C (R = Me or Ph) (248). The bimetallic [Re(CO) 5 ] 2 (CORCO) 
(R = m- and/>-C 6 H 4 ) lose two CO’s on heating to afford the corresponding 
aryl complexes (181). Thermolysis of o-MeC 6 H 4 CORe(CO) 5 produces 
Re 2 (CO) 10 (184). No decarbonylation of CprCORe(CO) s could be effected 
either thermally or photolytically (44). 


D. Iron Triad 

1. Iron 

Most of the investigations have dealt with CpFe(CO) 2 R and their 
monosubstitution products. 

Carbonylation of CpFe(CO) 2 Me at 125°C and 2000 psi of CO has 
afforded CpFe(CO) 2 COMe [Eq. (2)] (70), which, unlike CpMo(CO) 3 CO- 
Me, is stable. No other analogous acyls have been prepared by this method, 
almost certainly because of the availability of a more convenient synthesis 
from Na[CpFe(CO) 2 ] and RCOC1. 

Acyl complexes of the type CpFe(CO) 2 COR resist thermal decarbonyla¬ 
tion, a behavior contrasting with that of their molybdenum tricarbonyl 
counterparts. Thus, [CpFe(CO) 2 ] 2 [CO(CX 2 ) 3 CO] (X = H or F) remains 
unchanged after thermolysis at 130°C (138). These compounds can, 
however, be converted to the corresponding alkyls by the application of 
ultraviolet light. The decarbonylation has been effected in this manner for 
CpFe(CO) 2 COR with R = Me, Ph, CH=CH 2 (141);p-C 6 H,F (217)-CF„ 
C 2 F 5 , and C 3 F 7 (141); as well as for [CpFe(CO) 2 ][CO(CF 2 ) 3 CO] (141), 
but not for CpFe(CO) 2 COCpr (44). In many cases it furnishes the best 
known synthesis of the alkyl. Successful elimination of CO has also been 
achieved by using Rh(PPh 3 ) 3 Cl as the decarbonylating agent. This reagent 
affords the alkyls with R = CH(Me)Ph (1), Me, and Ph (2). In the reaction 
of the last two acyls, CpFe(CO)(PPh 3 )COR is produced as well. A facile 
decarbonylation of CpFe(CO) 2 COPh has been observed in the mass 
spectrometer (140). 

An interesting reaction has been reported between CpFe(CO) 2 ~ and 
C 6 F 5 C0C1 (33). The products are CpFe(CO) 2 C 6 F 5 , CpFe(CO) 2 C 6 F 4 H-/>, 
and CpFe(CO) 2 C 6 F 4 COFe(CO) 2 Cp. The bimetallic acyl surprisingly 
yields a small amount of CpFe(CO) 2 C 6 F 4 H-/> on photolysis, there being 
no evidence for the expected CpFe(CO) 2 C 6 F 4 Fe(CO) 2 Cp. 
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A compound with an Fe—B bond is formed by the novel decarbonylation 
(249): 

H—C——C—H 

\ 0 / + CO (57) 

B 10 H»COFe(CO) 2 Cp B 10 H,Fe(CO) 2 Cp 


\°/ 


The starting material results from the reaction of 3-o-carboranecarboxylic 
acid chloride with Na[CpFe(CO) 2 ]. Similarly, the first step of the reaction 


R—C^-^CCOCl + Na[CpFe(CO) 2 ] 
B 10 H,o 


R-C—C-C-Fe(CO) 2 Cp 

B,oH,„ ° 

(XXIV) 



Fe(CO)j 


BioH 10 


(XXV) 


(58) 


(250) affords isolable (XXIV), together with (XXV), when R = H. However, 
when R = Me or Ph, only (XXV) is obtained, presumably via migration of 
RCB 10 H 10 C onto the Cp ring of the precursor (XXIV). Treatment of 
Na[CpFe(CO) 2 ] with zn-HCB 10 H, 0 CCOCl yields the expected acyl which, 
on heating, decarbonylates to m-HCB, 0 H 10 CFe(CO) 2 Cp. Similarly 
prepared was o-MeCB, 0 H 10 CH 2 COFe(CO) 2 Cp; however, it required 
ultraviolet light for conversion to the alkyl. 

The reactions of CpFe(CO) 2 R with various ligands L to give CpFe(CO)- 
L(COR) [Eq. (30)] have been the subject of numerous investigations. 
Kinetic studies have been reported for the insertion in CpFe(CO) 2 Me 
(48, 98), -Et, and -z'-Pr (98) effected by various phosphines and phosphites. 
Noteworthy again is a striking discriminatory effect of L. Apart from 
relatively few exceptions, presented later, only P donor ligands have been 
successful in forcing this type of conversion. Reported not to react with 
or to decompose CpFe(CO) 2 Me have been I - , SEt 2) />-MeC 6 H 4 NH 2 , 
P-C1C 6 H 4 NH 2 , C 5 H s N (28), and C 6 H,,NH 2 (48 )—the types of ligand also 
inert to CpMo(CO) 3 Me. However, RNC (R= C 6 H n and <-Bu) and CN - 
yield CpFe(CO)(CNR)COMe and CpFe(CO)(CN)COR'- (R' = Me and 
Et) upon reaction with the respective dicarbonyl alkyls (246a, 158a). 

Synthetic investigations have, however, dominated this aspect of alkyliron 
chemistry. Acyl complexes of formula CpFe(CO)L(COMe) have been 
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prepared from CpFe(CO) 2 Me by using the following L: PPh 3 (28, 100), 
P(OPh) 3 , P(«-Bu) 3 , P(«-OBu) 3 (28 ); PMe 2 Ph (45,46 ); and P(C 6 H, ,) 3 (101). 
Synthesized similarly, usually in MeCN or THF at reflux, were [CpFe(CO)- 
COMe] 2 (Ph 2 PCH 2 CH 2 PPh 2 ) (17 ); CpFe(CO)L(COEt) [L = PPh 3 , PMe 2 - 
Ph, PMePh 2 , P(OMe) 3 , P(OPh) 3 , and P(«-Bu) 3 ], CpFe(CO)L(CO-i-Pr) 
(L = PPh 3 and PMe 2 Ph) (98); CpFe(CO)(PPh 3 )COCH 2 Ph (45, 46); 
CpFe(CO)L(COCH 2 SiMe 3 ) (L = PPh 3 , PMePh 2 , and PEtPh 2 ) (151, 
201), and CpFe(CO)(PPh 3 )COCHDCHDCMe 3 (237). 

The interesting rr-allene complexes (XXVII; R = R' ==H; R = H, 
R' = Me; R = Me, R' = M) arise by the carbon monoxide insertion (23): 


CpFe(CO) 2 (CH 2 ) 2 C(R)=C=CHR' -gjj* (59) 

< XXVI > H >^/ x ch 2 

% C—CH 2 (XXVII) 

R 

The same product, as well as CpFe(CO)[P(«-Bu) 3 ]CO(CH 2 ) 2 CH=C= 
CHMe, is obtainable by treatment of (XXVI; R = H, R' = Me) with 
P(h-Bu) 3 under similar conditions. However, the reaction between 
CpFe(CO) 2 CH 2 CH 2 CH=CH 2 and PPh 3 yields only CpFe(CO)(PPh 3 )- 
COCH 2 CH 2 CH=CH 2 . Cyclic derivatives similar to (XXVII) result from 
thermal decomposition of CpFe(CO) 2 CH 2 CR 2 CH=CH 2 (R = H or Me) 
(103). 

Like NaMn(CO) s , Na[CpFe(CO) 2 ] reacts with MeSCH 2 CH 2 Cl to give, 

together with other products, a small amount of CpFe(CO)COCH 2 CH 2 SMe 
(142, 143). Similar heterocyclic complexes have been obtained, also in low 
yields, by using ClCH 2 CH 2 NMe 2 and 2-(ClCH 2 )C 5 H 4 N [but not 2- 
(C1CH 2 CH 2 )C 5 H 7 NH] as the source of entering ligands (144). 

Reactions of CpFe(CO) 2 Me with PPh 3 in hydrocarbon solvents at reflux 
have afforded CpFe(CO)(PPh 3 )COMe and CpFe(CO)(PPh 3 )Me (219). 
The former decarbonylates to the latter on heating, indicating that the 
original reaction was a two-step process: insertion [Eq. (14)] followed by 
CO elimination [Eq. (15)]. Under comparable conditions, the ethyl di¬ 
carbonyl and PPh 3 furnish CpFe(CO)(PPh 3 )COEt and CpFe(CO)(PPh 3 )H 
[see Eq. (60)]. The hydride was shown to result from elimination of C 2 H 4 
by the ethyl monocarbonyl. The phenyl dicarbonyl also yields two products 
—CpFe(CO)(PPh 3 )COPh and CpFe(CO)(PPh 3 )Ph—upon treatment with 
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PPh 3 in benzene at reflux (188). However, CpFe(CO) 2 C=CR (R = Bu or 
Ph) and PPh 3 afford only the respective monosubstitution products (102). 

Photochemical reactions of CpFe(CO) 2 R [R = Me (227), Et (219), 
CH 2 SiMe 3 (201), R F (149), Ph (185-188), and various substituted Ph (187, 
188, 190), inter alia] with L [L = PPh 3 , P(OPh) 3 , and related P donor 
ligands] almost invariably yield CpFe(CO)LR. Oftentimes, especially when 
elevated temperatures are employed, CpFe(CO)L(COR) is also produced 
(185,186,188) and is believed to arise through a competing thermal reaction. 
The observation that, under comparable conditions, the reaction (219) 

CpFe(CO) 2 Et + PPh 3 3 °°;f C > CpFe(CO)(PPh 3 )Et + CpFe(CO)(PPh 3 )H+C 2 H 4 

(60) 

proceeds faster than the photochemical decarbonylation of CpFe(CO)- 
(PPh 3 )COEt militates against the intermediacy of this propionyl in the 
former process. Like the propionyl complex, the analogous CpFe(CO)- 
(PPh 3 )COPh (188) and -COMe (219) [contrary to the original report 
(227)], can be decarbonylated by using ultraviolet light. 

Carbon monoxide insertion reactions of CpFe(CO)LR are not common. 
The complex CpFe(CO)(PPh 3 )Me can be converted to the acetyl mono¬ 
carbonyl with CO in refluxing petroleum ether (~100°C) (227). By contrast, 
ultraviolet light-promoted reaction between CpFe(CO)(PPh 3 )R (R = Ph 
or />-C 6 H 4 F) and CO yields CpFe(CO) 2 R (188). 

Only CpFe(CO)[P(OR) 3 ]Me have been obtained upon treatment of 
CpFe(CO)(PPh 3 )Me with various P(OR) 3 in THF at reflux (219). However, 
the reaction of CpFe(CO)LR [L = PPh 3 , R = Me, Et, and n-Pr; L = 
P(«-Bu) 3 , R = Me; L = P(OPh) 3 , R = Me] with the electrophile tetra- 
cyanoethylene did result in the formation of acyl complexes of proposed 
structure (XXVIII) (220). 


c.f 


■KU 


The carbonyl [CpFe(CO) 2 ] 2 has been successfully employed as a catalyst 
for hydroformylation of propylene (229) and for the reaction in Eq. (55) 
(221). Insertion of CO into Fe—C bonds is thought to occur therein. 
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Apart from the foregoing cyclopentadienyl systems, few alkyliron 
carbonyl complexes have been studied. Treatment of Na 2 Fe(CO) 4 with 
R f COC 1 (R F = C 2 F 3 or C 3 F 7 ) has afforded (R F ) 2 Fe(CO) 4 (152), no doubt 
via the intermediacy of the corresponding diacyls. The tetracarbonyl- 
ferrate(-II) ion, as well as HFe(CO) 4 “ and polynuclear carbonylferrates, 
has been utilized in the synthesis of aldehydes from alkyl halides and of 
carboxylic esters from alkene oxides and alcohols (74, 222, 224). These 
reactions are considered to proceed through the initial formation of an iron 
alkyl, followed by CO insertion and cleavage of the Fe—COR bond. 
Several ionic (Ph 3 P) 2 N[RCOFe(CO) 4 ] (R = Me, Et, n-Bu, CH 2 Ph, Ph, 
and CH=CH 2 ) have been isolated by treatment of Na 2 [Fe(CO) 4 ] with 
RBr under CO followed by addition of (Ph 3 P) 2 NCl (215a). A significant 
recent observation is that the rate of reaction between Me(CH 2 ) 8 Fe(CO) 4 “ 
and PR 3 to give Me(CH 2 ) g COFe(CO) 3 PR 3 ~ depends markedly on the 
nature of the cation, Li + > Na + > (Ph 3 P) 2 N + , spanning a range of at least 
three orders of magnitude (70a). These results are consistent with a mech¬ 
anism in which an ion pair is the kinetically reactive species. 

Oxidative addition of Mel to tranj-Fe(CO) 3 (PMe 3 ) 2 yields MeCOFe- 
(CO) 2 (PMe 3 ) 2 I, very likely by way of an ionic MeFe(CO) 3 (PMe 3 ) 2 + I - 
(200). The above acetyl undergoes decarbonylation to MeFe(CO) 2 - 
(PMe 3 ) 2 I, the reaction being reversible [Eq. (49)]. By contrast, MeFe(CO) 2 - 
(PMe 3 ) 2 I is stable to excess PMe 3 on warming. Similar oxidative additions 
with CO insertion have been detected spectroscopically for tranr-Fe(CO) 3 - 
(PMe 3 ) 2 and EtX (X = Br or I). 

Complexes of formula RCOFe(CO) 3 NO can be detected spectroscopically 
when NaFe(CO) 3 NO is allowed to react with Mel, EtI, PhCH 2 Cl, Me- 
OCH 2 Cl, or ClCH 2 C0 2 Et (64). Inclusion of PPh 3 in these reaction mixtures 
furnishes RCOFe(CO) 2 (NO)PPh 3 , which are isolable. Two pathways are 
believed to operate: 

RCOFe(CO) 3 NO + PPh 3 -*■ RCOFe(CO) 2 (NO)PPh 3 + CO (61) 

RFe(CO)jNO + PPhj -*• RCOFe(CO) 2 (NO)PPh 3 (62) 

2. Ruthenium 

The reaction of CpRu(CO) 2 Me with PR 3 (R = C 6 H,, or Ph) at 160-180° 
affords the expected CpRu(CO)(PR 3 )COMe (101). The temperatures 
employed are suggestive of the lower reactivity of CpRu(CO) 2 R than 
CpFe(CO) 2 R in the insertion. 
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3. Osmium 

Attempts at carbonylation with CO at high pressures or with PPh 3 of 
H(Me)Os(CO) 4 and Me 2 Os(CO) 4 have been unsuccessful (163). By contrast, 
the reaction of m-Et 2 Os(CO) 4 with 100 atm of CO at 110° gives cis- 
(EtCO) 2 Os(CO) 4 (163). An ionic acetyl, (MgBr) 2 [(MeCO) 2 Os(CO) 2 Br 2 ] • 
5THF, results from treatment of Os(CO) 4 Br 2 with MeMgBr (162). The 
mechanism of its formation is unknown. 

E. Cobalt Triad 

1. Cobalt 

Alkyl- and acylcobalt tetracarbonyls were the subject of a comprehensive 
review by Heck (115). Since then (1966), they have been given some atten¬ 
tion in review articles concerned primarily with catalysis (62, 117, 118). 
Because of an extensive coverage afforded the early developments, emphasis 
herein will be on the more recent findings. 

Complexes of the type RCo(CO) 4 , where R is a hydrocarbon fragment, 
have low stability (41, 131). They are readily carbonylated to the corre¬ 
sponding acyls, RCOCo(CO) 4 (41, 167), and undergo reactions with 
phosphines or phosphites (L) to give RCOCo(CO) 3 L (120,121,123, 217). 
The latter insertion is usually carried out by allowing NaCo(CO) 4 , RX, and 
L to react together in ether at ~0°C. Many tricarbonyl acyls synthesized 
by this general procedure are reported by Heck. The dicarbonyl MeCOCo- 
(CO) 2 (Ph 2 PCH 2 CH 2 PPh 2 ) is also obtainable (123). 

An alternative route to RCOCo(CO) 3 L employs a reaction of HCo(CO) 4 
with an olefin and L (111, 120, 122,153), e.g. (120), 

HCo(CO) 4 + CHj=CH(CH 2 ) 2 Me + PPh 3 ->■ CjHnCOCoCCObPPhj (63) 

The importance of these and related processes in hydroformylation and 
other carbonylation reactions has been underscored by several reviewers 
(62,115,118) and will not be reiterated here. 

Among the later developments noteworthy is an isomerization in the 
reaction 

KCo(CO) 4 + PhCH 2 Cl 30 ~ 5 °° -^ PhCH 2 COCo(CO) 4 + o-MeC*H 4 COCo(CO) 4 (64) 
which is promoted by HCo(CO) 4 , higher temperatures, and N 2 atmosphere 
(223). However, no rearrangement of the benzyl moiety was detected when 
NaCo(CO) 4 reacts with PhCH 2 Cl under CO at 20°C (177). The product is 
PhCH 2 COCo(CO) 4 , in equilibrium with PhCH 2 Co(CO) 4 , and rapidly 
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losing CO under Ar. Treatment of this equilibrium mixture with PPh 3 
under CO affords PhCH 2 COCo(CO) 3 PPh 3 , which readily eliminates CO 
at 50°C. Both the acyl precursor and the alkyl product have idealized C 3 „ 
symmetry. 

The carbohydrate 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide 
reacts with NaCo(CO) 4 and PPh 3 under 10 atm of CO to yield the expected 
acetyl (XXIX) and the corresponding alkyl (210). The former decarbonylates 
readily on storage or chromatography. Retention of configuration at carbon 
accompanies CO elimination. 



(XXIX) 


The compound obtained from the reaction between trimethylcyclo- 
propenyl bromide and Co(CO) 4 “ has been shown spectroscopically to be 
(XXX) rather than a tricarbonyl acyl ( 146)\ the triphenyl analog (68) is 
believed to have a similar structure. 


Me 



Me 

(XXX) 


Carbonylation of MeCo(CO) 3 P(/>-C 6 H 4 OMe) 3 under mild conditions 
proceeds rapidly to the corresponding acetyl (110). The related MeCo- 
(CO) 3 PPh 3 does not react with bulky PPh 3 ; however, on treatment with 
P(OMe) 3 at 0°C it affords MeCOCo(CO) 2 (PPh 3 )P(OMe) 3 , and with excess 
phosphite yields MeCOCo(CO) 2 [P(OMe) 3 ] 2 . The dicarbonyl MeCo- 
(CO) 2 L 2 and L [L = P(OMe) 3 ] at 75°C furnish MeCOCo(CO)L 3 ; a 
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strictly analogous, but more facile reaction occurs when L = P(OCH 2 ) 3 CEt. 
No insertion in MeCo(CO)[P(OCH 2 ) 3 CEt] 3 could be effected with the 
phosphite at 100°C. 

The perfluoroacetyltetracarbonyls R F COCo(CO) 4 (R F = CF 3 and C 2 F 5 ) 
exhibit higher stability toward the decarbonylation than their hydrocarbon 
counterparts. Temperatures of 30°-60°C are required for CO elimination 
(126,130). However, when R F = C 3 F 7 or C 7 F 15 , the decarbonylation occurs 
in the course of synthesis from Co(CO) 4 _ and the acid anhydride at ~25°C 
(130). The corresponding tricarbonyls R F COCo(CO) 3 PPh 3 (R F = CF 3 and 
C 2 F 5 ) lose CO more reluctantly (126, 130), and so do the less-fluorinated 
acyl tricarbonyls (R = CF 2 H, CH 2 F, and m-C 6 H 4 F) (164, 216). Unexpec¬ 
tedly, the decarbonylation occurs spontaneously during reaction between 
NaCo(CO) 2 (PPh 3 ) 2 and (CF 3 C0) 2 0 at room temperature (128). 

Interest has developed recently in cyclopentadienylcobalt carbonyl 
complexes. Oxidative addition of RI (R = Me or Et) to CpCo(CO)L 
(L = PPh 3 , PMe 2 Ph, or PMePh 2 ) yields initially CpCo(CO)RL + I _ , which 
then undergoes rapid CO insertion to CpCoL(COR)I. The slow step has 
been studied kinetically (148). Compounds of the type CpCo(CO)(R F )I 
afford ionic substitution products when treated with chelating diphosphines 
(106). 

Because of structural similarities to the vitamin B 12 coenzyme, cobalt(III) 
complexes of the type RCo(L 4 ) or RCo(L 2 ) 2 [L 4 = bis(salicylaldehyde)- 
ethylenediiminate and L 2 = dimethylglyoximate, inter alia] have been 
actively investigated (40, 76, 77, 125). Corresponding acyl complexes have 
been synthesized (40, 76). However, neither the CO insertion into the 
Co—R linkage nor the decarbonylation of the Co—COR moiety has been 
achieved (77, 125). A probable reason for this was presented in Section II. 


Carbon monoxide insertion and decarbonylation reactions of rhodium 
complexes have been studied mainly in the context of investigations 
concerned with catalysis. 

Rhodium(I) alkyls and acyls are generally extremely labile. For example, 
the propionyl formed by CO insertion in the reaction (241, 242) 

HRh(CO)(PPhj)j + 2CO + C 2 H 4 ->■ EtCORh(CO) 2 (PPh 3 ) 2 + PPh 3 (65) 
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is stable only under an atmosphere of CO and C 2 H 4 . Several equilibria 
involving hydrido, ethyl, and propionyl species are suggested to occur in 
solution. In the homogeneous hydroformylation of olefins with HRh(CO)- 
(PPh 3 ) 3l the equilibrium (43) 

RRh(CO) 2 (PPh 3 ) 2 ; RCORh(CO)(PPh 3 ) 2 (66) 

is believed to prevail. The acyl then generates an aldehyde upon reaction 
with H 2 . 

Treatment of PhRh(PPh 3 ) 3 with CO in solution was originally reported 
(137) to yield a complex thought to be PhCORh(CO)(PPh 3 ) 2 . A reexamina¬ 
tion (242) of this reaction by infrared spectroscopy suggests that PhCORh- 
(CO) 2 (PPh 3 ) 2 and PhCORh(CO) 3 PPh 3 are produced instead. Passage of 
N 2 through a solution of the above acyls appears to effect decarbonylation 
to PhRh(CO)(PPh 3 ) 2 . A high-pressure reaction with CO of Rh(Ph 2 PC 6 H 4 - 
o)(PPh 3 ) 2 furnishes a complex of proposed structure (XXXI) (137). 



(XXXI) 


Rhodium(I) complexes are effective reagents and/or catalysts for the 
decarbonylation of acyl halides and aldehydes (9-11,34,195,230,231,236). 
The compound Rh(PPh 3 ) 3 Cl, especially, has received considerable atten¬ 
tion. The first step in such reactions involves oxidative addition to Rh(I) 
of the organic molecule, exemplified by the following: 

Rh(PPhj)jCl + RCOC1 -> RCORh(PPh 3 ) 2 Cl 2 + PPh 3 (67) 

These five-coordinate acyls generally rapidly react further, although some 
have been isolated and characterized (10, 231). Rearrangement of the acyls 
to corresponding six-coordinate alkyls, followed by a reductive elimination 
of RC1 or RH, completes the decarbonylation process. When R is an aryl 
group, or when mild conditions are employed, the intervening six-coordinate 
RRh(CO)(PPh 3 ) 2 Cl 2 can be isolated (9, 10, 34, 195). An analogous aryl, 
PhRh(CO)(Ph 2 PC 6 H 4 -o)(PPh 3 )Cl, results when Rh(Ph 2 PC 6 H 4 -o)(PPh 3 ) 2 
reacts with PhCOCl (137). 
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Treatment of [Rh(CO) 2 Cl] 2 with cyclopropanes (205) or cubanes (61) 
leads to an oxidative addition of the hydrocarbon to the Rh(I) species and 
is thought to involve CO insertion. 

Hydroformylation of alkenes using Rh(CO)(PRj) 2 X has been discussed 
from a mechanistic viewpoint (89). 

Alkyl complexes of Rh(III) manifest much higher stability than those of 
Rh(l). Carbon monoxide insertion into the Rh—Me bond of MeRh(CO)- 
[P(n-Bu) 3 ] 2 IX (X = C1 and Br) (113) and MeRh(CO)(PMe 2 Ph) 2 Br 2 (84) 
has been effected at atmospheric pressures of CO. By contrast, carbonylation 
of (7r-C 3 H 4 Me)RhL 2 Cl 2 (L = PPh 3 or AsPh 3 ) did not furnish rhodium 
acyl complexes (234). However, intermediates formulated as (MeC 3 H 4 CO)- 
RhL 2 Cl 2 were detected spectroscopically. 

At low temperatures (—50° to —60°C), Rh(III) complexes of the type 
RRh(PPh 3 ) 2 Cl 2 (R = Et and CH = CH 2 ) absorb CO to give RRh(CO)- 
(PPh 3 ) 2 Cl 2 ; higher temperatures promote formation of the stable acyls 
RCORh(PPh 3 ) 2 Cl 2 (10). However, when R = C 2 F 4 H, the reaction stops 
at the alkylcarbonyl stage. The equilibrium constant K for the reaction 

CHClj 

RRh(CO)(PPh 3 ) 2 Cl 2 RCORh(PPhj) 2 C1 2 (68) 

increases in the order: R = Ph < Me < Et, presumably as a result of the 
relative Rh—C bond strengths. 

Cyclopentadienylrhodium complexes of formula CpRh(CO)L (L = PPh 3 
or PMe 2 Ph) undergo oxidative addition reactions followed by CO insertion 
upon treatment with Mel, Etl, PhCH 2 X, CH 2 =CHCH 2 X (X = Cl, Br, 
or I), MeC 3 H 4 Cl, or BrCH 2 C0 2 Et (RX) to yield CpRhL(COR)X (107, 
196). The reverse of the insertion step has been effected for CpRh(PMe 2 - 
Ph)(COMe)Br by using NaBPh 4 to precipitate cationic CpRh(CO)(PMe 2 - 
Ph)Me + . The foregoing addition reactions, which are strictly analogous to 
those of the corresponding cobalt compounds, have been the subject of a 
kinetic study (106). Kinetic investigations have also been carried out (88, 
233) on related oxidative addition-insertion transformations involving 
tranr-Rh(CO)(PR 3 ) 2 X and /ranr-Rh(CO) 2 (PPh 3 )Cl (87) (however, see 
footnote 2, Section III,A). 

3. Iridium 

Iridium(I) complexes with metal-carbon a-bonds are markedly more 
stable than those of Rh(I). In contrast to Rh(I), both EtCOIr(CO) 2 (PPh 3 ) 2 



136 


ANDREW WOJCICKI 


and EtCOIr(CO)(PPh 3 ) 2 can be isolated (242). They result from the reaction 
of the hydride HIr(CO) 2 (PPh 3 ) 2 with C 2 H 4 —CO and C 2 H 4 alone, respec¬ 
tively, under pressure. There is infrared spectroscopic evidence for the 
decarbonylation of the former acyl to EtIr(CO) 2 (PPh 3 ) 2 . The latter acyl 
equilibrates with the last-mentioned alkyl in solution. Reaction between 
PhIr(CO)(PPh 3 ) 2 and CO affords PhCOIr(CO) 2 (PPh 3 ) 2 , which can be 
isolated. Extrusion of the acyl CO from the benzoyl complex in solution 
occurs readily upon passage of N 2 . The analogous acetyl has been made by 
the reaction involving Ir(CO)(PPh 3 ) 2 Cl, MeLi, and CO (242), or by the 
carbonylation of MeIr(CO) 2 (PPh 3 ) 2 (72), both under pressure. 

w-Allyl complexes of Ir(I) of the type (7r-C 3 H 3 RR')Ir(CO)(PPh 3 ) 2 (R 
and R' = H, Me, and t'-Pr) undergo facile carbonylation to (RR'C 3 H,CO)- 
Ir(CO) 2 (PPh 3 ) 2 (42). The reverse can be effected by heating. 

Like its Rh(I) counterpart, Ir(PPh 3 ) 3 Cl reacts with RCOC1 (R = Me, 
Ph, and p-C 6 H 4 Me) to provide six-coordinate RIr(CO)(PPh 3 ) 2 Cl 2 , which 
are, however, stable (159). These products no doubt result from rearrange¬ 
ment of the initially formed five-coordinate acyls. Similar Ir(III) alkyl 
compounds are accessible from /ranr-Ir(PPh 3 ) 2 (N 2 )Cl and RCOC1. When 
R = Et, (CH 2 ) 10 Me, Cpr, cyclobutyl, and CH=CH 2 , the intermediate acyl 
derivatives have been detected by infrared spectroscopy. However, with 
R = Me, Ph, and C 6 F 5 only the final products are observable. Stability of 
the five-coordinate acyls appears to be greatest when R = CH 2 C 6 H 4 X 
(X = H or another substituent), permitting isolation and a kinetic study of 
the acyl-to-alkyl rearrangement (160) (Section IV). 

The complex [Ir(CO)(C 8 H 14 ) 2 Cl] 2 (C 8 H 14 = cyclooctene) also oxida¬ 
tively adds RCOC1 to yield R 2 Ir 2 (CO) 4 Cl 4 (XXXII; R = Me, Et, i-Pr, 
or Ph) (7, 215). Evidence suggests a two-step reaction, the second step 



(XXXII) 


involving a migration of R from the initially formed acyl moiety. When 
R = Me or Et, (XXXII) reacts with tertiary phosphines and arsines (L) 
first to furnish RIr(CO) 2 LCl 2 , and then [RCOIr(CO)LCl 2 ] 2 or RCOIr- 
(C0)L 2 C1 2 , depending on the nature of L. The formation of RCOIr(CO)- 
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L 2 C1 2 from RIr(CO) 2 LCl 2 and L has been the subject of kinetic and 
stereochemical studies (92, 94), discussed in Sections III and V. 

Unlike their Rh(III) analogs, RIr(CO)(PR 3 ) 2 X 2 do not react readily with 
CO. Accordingly, neither MeIr(CO)[P(n-Bu) 3 ] 2 ICl (113) nor Melr(CO)- 
(PMePh 2 ) 2 BrCl (71) is carbonylated at atmospheric pressures. Carbon 
monoxide insertion does occur with MeIr(CO)(PPh 3 ) 2 Cl 2 under 20 psi 
of CO in CH 2 Cl 2 -MeOH, but not in benzene (159). The analogous dibromo 
complex does not insert even under the above conditions of higher pressure. 

The decarbonylation of six-coordinate Ir(III) acyls is generally not a 
facile process. It has been effected by heating to ~200°C the following 
complexes: PhCOIr(CO)(PMePh 2 ) 2 Cl 2 (159), MeCOIr(CO)(PEt 2 Ph) 2 Br 2 
(63), PhCOIr(CO)(PMe 2 Ph) 2 Cl 2 (85); MeCOIr(CO)(PPh 3 ) 2 Cl 2 , 'and 
Me(CH 2 ) 9 COIr(CO)(PPh 3 ) 2 Cl 2 (33a). However, the complexes 
RCOIr(CO)(PPh 3 ) 2 Cl 2 (R = Ph, />-C 6 H 4 OEt, />-C 6 H 4 N0 2 , 3,4-C 6 H 3 CI 2 , 
and 2-C 4 H 3 S) liberate CO at 45°C (33a). 

Oxidative addition of RX to square-planar Ir(CO)L 2 X or to CpIr(CO)L 
(L = PR 3 or AsR 3 ) invariably affords RIr(CO)L 2 X 2 (71, 85, 86) and 
CpIr(CO)LR + X~ (106, 198), respectively. Unlike some of their rhodium 
analogs, these complexes do not rearrange to the acyls. 

F. Nickel Triad 

1. Nickel 

Carbonylation of CpNiC 8 H 13 (C 8 H, 3 = cr,7r-cyclooctenyl) under pressure 
has afforded an unisolable acyl, CpNi(COC 8 H l3 ), characterized only by 
mass spectrometry (19). Treatment of CpNi(PR 3 )Me (R = n-Bu or Ph) 
(206) or CpNi(PPh 3 )Ph (247) with CO, also under pressure, produced no 
evidence of carbon monoxide insertion. 

Carbon monoxide insertion into Ni—C bonds has been postulated in 
carbonylation reactions involving (ir-C 3 H 5 NiX) 2 (X = C1, Br, or I) (112, 
123a). 

Oxidative addition of C 6 F 5 C0C1 to Ni(PPh 3 ) 2 (C 2 H 4 ) yields trans- 
Ni(PPh 3 ) 2 (C 6 F 5 )Cl (5), presumably via the corresponding aroyl. 

2. Palladium 

Square-planar Pd(II) complexes of the type trawr-Pd(PR 2 R / ) 2 (Me)X 
(X = C1 or Br, R = R' = Et; X = Cl, R = Me, R'= Ph) undergo facile 
reaction with CO at 1-3 atm and room temperature to yield the corre¬ 
sponding <ranr-Pd(PR 2 R') 2 (COMe)X (38, 39, 66). However, Me 2 Pd- 
(PEt 3 ) 2 and CO afford unstable, uncharacterized products (39). 
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Palladium(O)- and Pd(II)-catalyzed carbonylation reactions have been 
the subject of several recent articles (32, 116, 119, 124, 173, 228, 232). 
In one case, the attending CO insertion into a Pd—C bond was shown to 
proceed with retention of configuration at carbon (131a, 218). 

The reaction between Pd(PMePh 2 ) 4 and n-C 3 F 7 COCl or C 6 F 5 C0C1 
yields, respectively, tranr-Pd(PMePh 2 ) 2 (COC 3 F 7 )Cl and tra/w-Pd(PMe- 
Ph 2 ) 2 (C 6 F 5 )Cl (175). The latter compound presumably arises through 
spontaneous decarbonylation of tom-Pd(PMePh 2 )(COC 6 F s )Cl. 

3. Platinum 

Four-coordinate Pt(II) alkyls are not carbonylated as readily as their 
Pd(II) analogs. This is consistent with a lesser tendency of Pt(II) than of 
Pd(II) to expand its coordination number to 5. Thus, the reaction of 
tranr-Pt(PEt 3 ) 2 (Me)X (X=C1 or Br) with CO to give tran$-Pt(PEt 3 ) 2 - 
(COMe)X requires a pressure of 80 atm and a temperature of 90°C (38,39). 
Similar high-pressure carbonylations have been effected with m-Pt(PEt 3 ) 2 - 
(Me)Cl, tra«r-Pt(PEt 3 ) 2 (Et)I, cis- and tra«r-Pt(PEt 3 ) 2 (Ph)Cl, trans- 
Pt(PEt 3 ) 2 (Ph)I (39), and tom-Pt(PMe 2 Ph) 2 (Me)Cl (66). Only one Pt—Me 
bond participates in the CO insertion reaction of Me 2 Pt(Et 2 PCH 2 CH 2 - 
PEt 2 ). By contrast, cw-Pt(PR 3 ) 2 Me 2 (R = Et or Ph) loses its Me groups in 
the carbonylation. No CO insertion is observed, even at 120°C and under 
pressure, with tra«f-Pt(PPh 3 ) 2 (Me)I (39). However, MeOC 10 H 12 Pt(PPh 3 )- 
Cl, where C 10 H 12 OMe is 9-methoxytricyclo[5,2,l,0 2,4 ]dec-4-en-8-yl, reacts 
with CO under ambient conditions to yield stable acyl MeOC, 0 H 12 COPt- 
(PPh 3 )Cl (57a). 

The dinuclear, Cl-bridged [(C 8 H 17 )Pt(CO)Cl] 2 reacts with excess PPh 3 
to yield (C 8 H 17 CO)Pt(PPh 3 ) 2 Cl (165, 240). A similar reaction is effected 
by P(n-Bu) 3 . The related mononuclear EtPt(CO)(AsPh 3 )Cl reacts with 
AsPh 3 to afford EtCOPt(AsPh 3 ) 2 Cl; this reaction was the subject of a 
kinetic study (93), mentioned earlier (Section III). 

The cationic (7r-C 3 H 3 R 2 )Pt(PPh 3 ) 2 + Cl~ (R = H) is converted to 
(MeCH=CHCO)Pt(PPh 3 ) 2 Cl upon treatment with CO at 20°C (235). 
However, when R = Me, (Me 2 C=CHCH 2 CO)Pt(PPh 3 ) 2 Cl, with the 
C=C possibly coordinated to the metal, becomes the product. 

Square-planar complexes Pt(CO)(PR 3 )Cl 2 (R = Ph or Bu) are trans¬ 
formed to the dinuclear [R'COPt(PR 3 )Cl] 2 by the action of HgR 2 (R' = Me 
or Ph) under mild conditions (82). These reactions are thought to proceed 
through the oxidative addition to Pt(II) of HgR 2 , migration of R' onto CO, 
and elimination of R'HgCl. 

Pt(CO)(PR 3 )Cl 2 + HgR 2 ' ->■ R'Pt(CO)(PR 3 )(HgR')Cl 2 -*• 

R'COPt(PR 3 )(HgR')Cl 2 -* [R'COPt(PR 3 )Cl] 2 + R'HgCI (69) 
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Extrusion of CO from platinum acyl complexes of formula RCOPt- 
(PR' 3 ) 2 X requires high temperatures. Decarbonylation has been effected 
when X = Cl, R = Me, and R' = Ph (210°-220°C) (73 ); X = I, R = Me, 
and R' = Et (140°C) (39); X = C1 and R=R' = Ph (210°C) (12); and 
X = Cl, R = C 6 F 5 , and R' = Ph (188°C) (176). Several other Pt(II) acyls 
yield intractable decomposition products on heating (39). No successful 
carbon monoxide extrusion to give the corresponding alkyl complex has 
been reported for Pt(IV). Generally, reductive elimination reactions leading 
to Pt(II) compounds occur instead (211-213). 

G. Copper Triad 

Carbon monoxide insertion reactions into Cu—C, Ag—C, or Au—C 
bonds are not known. 
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I 

INTRODUCTION 

The discovery of thallium in 1861 did not, unlike the discovery of many 
elements, represent a milestone in the development of modern chemistry. 
The chemistry of thallium and its compounds has developed relatively 
slowly and, during the first half of this century, was largely unspectacular. 
Especially from the organic chemist’s viewpoint, thallium has long been 
regarded as an obscure metal, organothallium chemistry as rather dull and 
predictable, and the utility of thallium compounds in organic chemistry as 
virtually nonexistent. These attitudes are now no longer tenable, largely as a 
result of the advances which have followed from the pioneering work of 
Menzies (33, 103), Gilman and Abbott (42), Glushkova and Kocheshkov 
(46), Criegee (27), and Kabbe (61). More than fifty specific synthetic organic 
transformations have now been described which involve the use of thallium 
reagents, and many proceed via the intermediacy of organothallium com¬ 
pounds. Parallel with these developments in the applications of thallium 
and its compounds to organic synthesis, there has been a rapid expansion 
147 
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of interest in some of the more fundamental aspects of organothallium 
chemistry such as bonding, structure, mechanism, and spectroscopic 
properties. 

Fortunately, this surge of interest in the chemistry of thallium during the 
last twenty years has been accompanied by a number of timely reviews of 
various aspects of the subject. Since 1967, five comprehensive reviews of 
organothallium chemistry have been published which adequately survey the 
preparation and properties of organothallium compounds (73, 78, 79, 111, 
172)] two short articles dealing with some of the applications of thallium 
compounds to organic synthesis have appeared recently (154, 155). The 
present review consists of a survey of the major trends in organothallium 
chemistry during the last twenty years, with particular emphasis on the 
applications of organothallium compounds to organic chemistry. Much of 
the review is therefore devoted to thallation and oxythallation, and to the 
utility of these processes in organic synthesis. Coverage has been restricted 
to organometallic compounds; the chemistry of derivatives of thallium with 
Group V and VI elements has been reviewed recently (79). 

II 

ORGANOTHALLIUM(I) COMPOUNDS 

Organothallium(I) compounds in which the bonding is largely covalent 
have never been isolated. Treatment of thallium(I) halides with organo- 
lithium or Grignard reagents results in direct formation of either organo- 
thallium(III) derivatives or organic products, which have been presumed to 
arise via the intermediacy of initially formed, unstable organothallium(I) 
species. Thus, treatment of thallium(I) iodide with methyllithium in the 
presence of methyl iodide gives trimethylthallium (43, 44)] the analogous 
reaction between phenyllithium and thallium(I) chloride gives tri- 
phenylthallium and thallium metal, even at —70° C (45). With the less 
nucleophilic Grignard reagents, this type of reaction generally gives 
either diorganothallium derivatives [but see (54a)) or organic products, the 
nature of which depends on the type and structure of the Grignard reagent, 
and, apparently, the solvent. Treatment of thallium(I) chloride or 
bromide with ethylmagnesium bromide in ether (104) or tetra- 
hydrofuran/benzene (86), respectively, gives diethylthallium bromide; 
addition of ethyl bromide and ethylmagnesium bromide to thallium(I) 
bromide in pure tetrahydrofuran, however, results in formation of tri- 
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ethylthallium (120). Aromatic Grignard reagents which do not possess 
ortho substituents react with thallium(I) bromide in tetrahydrofuran/ben- 
zene solvent to give biaryls in high yield (87). This process has been de¬ 
veloped into a simple and convenient preparative method for the synthesis 
of biaryls. Mechanisms have been proposed for the above reactions which 
involve initial formation of organothallium(I) compounds; all attempts to 
isolate such species, however, have proved unsuccessful (88). 

Cyclopentadienylthallium(l) and Related Compounds 

In contrast to other organothallium(I) compounds, cyclopentadienyl- 
thallium(I) is a remarkably stable compound. Samples can be stored in 
sealed bottles for months without appreciable decomposition occurring; 
it is unaffected by water and dilute alkali; and it is only slowly oxidized by 
air at room temperature. Cyclopentadienylthallium(I) was first prepared by 
Meister in 1956 by addition of freshly distilled cyclopentadiene to a sus¬ 
pension of thallium(I) sulfate in dilute potassium hydroxide solution (101, 
102). A number of variations of this procedure have been described (5, 25, 
34, 56), and the compound has been made in other ways (35, 56, 110, 164), 
but Meister’s preparation, in which the yield of crude product is greater 
than 90%, remains the method of choice. Purification of crude cyclopenta- 
dienylthallium(I) is best accomplished by vacuum sublimation, and purity 
of samples can readily be assessed by gas-liquid chromatography on silicone 
oil at 170° C using hydrogen as carrier gas (7). 

The salt is a colorless crystalline solid which is virtually insoluble in all 
common organic solvents. It reacts slowly with chloroform and carbon 
tetrachloride to give thallium(I) chloride (25), gives a characteristic red 
coloration with carbon disulfide, and undergoes the Diels-Alder reaction 
with maleic anhydride (110). It is rapidly decomposed by acids, but is stable 
to water; this latter fact has been interpreted (55) in terms of the small free 
energy change for the reaction 

C,H 5 T1 + HjO -» TIOH + C 5 H 6 4G° 29 , = 9.8 kcal/mole 

The structure of cyclopentadienylthallium(I) has been the subject of 
controversy and while the arguments have not been entirely satisfactorily 
settled, the evidence now available indicates that the compound is primarily 
ionic in the solid state but possibly mainly covalent in the gaseous phase. 
The former conclusion at least is reasonable in view of the well-known 
stability of the cyclopentadienyl anion. Cyclopentadienylthallium(I) has 
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zero magnetic moment (36), and the gas-phase infrared spectrum indicates 
C 5v symmetry, i.e., the thallium atom below the plane of the cyclopentadiene 
ring (25). This conclusion was subsequently confirmed by X-ray studies 
(37) and by examination of the microwave spectrum (160). The values 
obtained from the microwave spectrum for the various molecular parameters 
are summarized in Scheme 1. The structure of the solid material, determined 
by X-ray analysis, differs from the structure in the gas phase in that it is 
C—H bond length 1.08 A 

C—C bond length 1.43 

C—T1 bond length 2.705 

Tl-center of ring distance 2.41 

Scheme 1 

polymeric, with a repeating half-sandwich structure in the form of a zig-zag 
chain. Mass spectral studies of the vapor, on the other hand, show only the 
presence of the monomer (14). 

Almost all of the other physical evidence available on the structure and 
properties of cyclopentadienylthallium(I) has been interpreted by different 
workers in terms of either ionic or completely covalent bonding between 
thallium and carbon. The far-infrared spectrum shows no band in the 
480 cm -1 region which can be attributed to a C—T1 stretching frequency, 
as would be expected if the compound were covalent (40). Fritz has ques¬ 
tioned the assignment of ionic character on this basis, however, and argued 
that the absence of a C—T1 stretching frequency is not inconsistent with a 
centrally bonded o-p orbital overlap, as a relatively weak u-bond from metal 
to ligand would be expected for the covalent compound (39). Evidence from 
polarographic studies apparently indicates covalent bonding (41), as the 
electrical conductivity of a solution of cyclopentadienylthallium(I) in 
dimethylformamide was 20 times less than that of an equimolar solution 
of thallium(I) perchlorate, and only 2.5 times that of the solvent. Moreover, 
the energy of the thallium-ring bond was estimated to be 11.3 kcal/mole, 
which is less than the iron-ring bond in ferrocene. Molecular orbital calcula¬ 
tions carried out by Cotton and Reynolds (25) were interpreted as showing 
that covalent bonding was of little importance, but this conclusion was later 
challenged by Shibata, Bartell, and Gavin (139). 

The NMR spectrum (114) of the salt in tetrahydrofuran at 34° C consists 
of a singlet at 5.2 r, again apparently indicating an ionic bond and suggesting, 


9 

<$) 
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because of the absence of T1—H coupling, that bonding is via the p orbitals 
in thallium. Rapid chemical exchange of alkyl groups in trialkylthallium 
compounds has, however, been established by NMR studies (98) and it has 
been shown that exchange can be inhibited if the spectra are recorded at 
low temperatures. Consequently, were cyclopentadienylthallium(I) to be 
covalent, the singlet observed at 34° C in the NMR spectrum may be the 
result of rapid exchange between the thallium atoms and the cy clopentadiene 
rings, and no conclusions as to the nature of the bonding can be drawn from 
the NMR study until the spectra have been examined at low temperatures. 

A number of alkylated and ring-annelated derivatives of cyclopentadienyl- 
thallium(I) have been reported. All were prepared by the same procedure 
used for the parent compound, and relevant experimental data are listed in 
Table I. None of these compounds is as stable as cyclopentadienylthallium- 
(I); the methyl-substituted derivative, for example, undergoes essentially 
spontaneous oxidation on exposure to the atmosphere (25), and, qualitatively, 
the order of stability has been assessed (105) as 

CjHjTl > Tl-hydropentalenide > Tl-isodicyclopentadienide > TIC3H4CH3 


TABLE I 

Thallium(I) Salts of Alkylated and Ring-Annelated Cyclopentadienes 


Salt 

Yield (%) 

M.p. (°C) 

References 

Methylcyclopentadienylthallium(I) 

76 

88-9 

25, 135 

Ethylcyclopentadienylthallium(I) 

86 

50-2 

114 

tert-Butylcyclopentadienylthallium(I) 

67 

169.8-170 

113, 114 

l,3-Di-<ert-butylcycIopentadienylthallium(I) 

19 

— 

114 

[(C 6 H s ) 1 CHC s H 4 Cr(CO) 3 ]Tl 

— 

— 

21 

#3 

100 

87-9 

62 

1 

T1 

T1 

- 

- 

62 
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There is no ready explanation for the relative instability of the alkyl- 
substituted cyclopentadienylthallium(I) compounds. The p/£ a change in 
the hydrocarbon substrate, which results from introduction of an alkyl group, 
is likely to be small and insufficient to account for the dramatic stability 
differences [in the case of 9-R-substituted fluorenes, for example, where 
R = H, CH 3 , C 2 H s , or terf-butyl, the maximum difference in p K a units 
between any two compounds is only 1.6 (9)]. The change in orbital overlap 
caused by introduction of an alkyl group is also likely to be small; the 
l,F-dialkylferrocenes, for example, are stable compounds (137). At present, 
the only plausible explanation appears to be that the relative stabilities of 
the crystal lattices vary markedly (169). 

Very little is known as yet of the chemistry of cyclopentadienylthallium(I) 
and the related compounds listed in Table I. The parent compound gives 
tribromocyclopentane on treatment with bromine and the hexabromo 
derivative with potassium hypobromite (112). By far the most important use 
discovered so far for these organothallium(I) compounds is the preparation 
of metallocenes and cyclopentadiene-transition metal complexes. These 
preparations are, in general, characterized by manipulative simplicity and 
high yields, and details of the reactions reported thus far are summarized 
in Tables II-IV. 


TABLE II 


Preparation of Metallocenes from Cyclopentadienylthallium(I) 


Co-reagent 

Product 

Yield (%) 

References 

FeClj 

Ferrocene 

87 

25 



70 

56 



68 

115 

FeClj 

Ferrocene 

96 

115 

CoCl 2 

Cobaltocene 

83 

56 

NiBr 2 

Nickelocene 

26 

56 



20 

115 

Ni(NH 3 ) 6 Clj 

Nickelocene 

70 

116 

HgClj 

Dicyclopentadienylmercury 

97.5 

115 


The potential utility of cyclopentadienylthallium(I) in organic synthesis, 
and its advantages over the much more commonly employed sodium salt, 
have been illustrated recently (22). Treatment of (I) (Scheme 2) with 
chloromethyl methyl ether in dry ether resulted in smooth monoalkylation 
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TABLE III 


Preparation of Transition Metal Complexes from Cyclopentadienylthallium(I) 


Co-reagent 

Product 

Yield (%) 

References 

(CH 3 ) 3 SiCl 

C 3 H 5 Si(CH 3 ) 3 

23 

113 

TiCl 4 

(C 5 H 5 ) 2 TiCl 2 

61 

56 

CrCl 3 followed by NO 

C 5 H s Cr(NO) 2 Cl 

— 

115 

Mn(CO) s Cl 

C 5 H 5 Mn(CO) 3 

93 

108 

w-C 3 HjFe(CO) 3 I 

[C 5 H 5 Fe(CO) 2 ] 2 

— 

64 

C 2 F 5 Fe(CO) 4 I 

C 2 F 5 Fe(CO) 2 C 5 H 5 

— 

65 

(CF 3 )jCFFe(CO) 4 I 

(CF 3 ) 2 CFFe(CO) 2 C 5 H 5 

70 

65 

C 3 F,Fe(CO) 4 I 

C 3 F,Fe(CO) 2 C 5 H 5 

— 

64 

CoBr 2 followed by Br 2 

(C 5 H 5 ) 2 CoBr 3 

100 

115 

C s H,Co(CO)I 2 

[(C 5 H 5 ) 2 Co] + 

— 

64 

ZrCl 4 

(C s H 5 ) 2 ZrCl 2 

52 

113 

[Mo(NO) 2 Cl 2 ] n 

C 5 H 5 Mo(NO) 2 Cl 

25 

64 

[C 5 H s Mo(NO)I 2 ] 2 

(C s H s ) 3 MoNO 

65 

16,24 

[CjH 5 Mo(NO) 2 I 2 ] 2 

(C s H 3 ) 2 Mo(NO)I 

64-79 

64 

(CH 3 OC 10 Hi 2 PdCl) 2 “ 

CH 3 OC I0 H| 2 PdCjH s 

65 

56 

(C,H 12 acac) 2 Pd 2 Cl 2 '> 

C S H| 2 acacPdC 3 H 5 

— 

59 

HfCl 4 

(C s H 5 ) 2 HfCl 2 

58 

113 

Re(CO) s Cl 

C s H 5 Re(CO) 3 

60 

109 

(CHjOCioHijPtCBj 1 

CHjOC.oH^PtCsH, 

69 

56 

(CjHuacacJjPtjClj 11 

CjH, 2 acacPtCjH s 

— 

59 


“ Di-^-chloro-bis(methoxydicyclopentadiene)dipalladium(II). 
b Di-^-chloro-bis(2-acetylacetonylcyclooct-5-en-yl)palladium(II). 
c Di-/i-chloro-bis(methoxydicyclopentadiene)diplatinum(II). 

‘ Di-/i-chloro-bis(2-acetylacetonylcyclooct-5-en-yl)platinum(II). 



(IV) 


Scheme 2 



s 


TABLE IV 

Preparation of Transition Metal Complexes from Alkyl-Substituted and Ring-Annelated 
Cyclopentadienylthallium(I) Compounds 


Reagents 

Product 

Yield (%) 

References 

C 2 H 5 C 5 H 4 Tl/CoBr 2 /Br 2 /H 2 PtCl 6 

[(C 2 H 5 C 5 H,) 2 Co] 2 J+ PtCl 6 J - 

74 

117 

t-C 4 H»C 5 H,Tl/CoBr 2 /Br 2 

[(t-C 4 H 9 C 5 H 4 ) 2 Co] + Br 3 - 

65 

117 

1,3-Di-t-C 4 H,C 5 H 3 Tl/CoBr 2 /Br 2 

[(1,1 ',3 > 3'-tetra-t-C 4 H,C 5 H 3 ) 2 Co] + Br 3 - 

64 

117 

t-C 4 H,C 5 H 4 Tl/ZrCl 4 

(t-C 4 H»C 5 H 4 ) 2 ZrCl 2 

76 

113 

Tl-hy dropentalenide / FeCl 2 

Bis(hydropentalenyl)iron 

49 

62 

Tl-hydropentalenide/Cycloocta- 

Cyclopentadienylcycloocta- 

76 

62 

1,5-dienerhodium chloride 

1,5-dienerhodium 



Tl-hydropentalenide/(CH 3 ) 3 PtI 

Hydropen talenyl-Pt(CH 3 ) 3 

43 

62 

Tl-isodicyclopentadienide/FeCl 2 

Bis(isodicyclopentadienyl)iron 

20 

62 



Recent Advances in Organothallium Chemistry ISS 

to give (II), which was converted into the ketone (III), a precursor in the 
syntheses of the six primary prostaglandins. Under the' essentially neutral 
reaction conditions during alkylation, relatively little isomerization of (II) 
to (IV) occurred; with either the sodium or lithium salt of (I), however, 
isomerization of II to the undesired product (IV) represented a serious 
experimental problem. Similar results have been obtained using a variety of 
active alkylating reagents (23), and as a result of these preliminary experi¬ 
ments further studies on the alkylation of cyclopentadienylthallium(I) 
should prove fruitful. 


Ill 

ORGANOTHALLIUM(III) COMPOUNDS 

A. Preparation and Properties of R 3 Tl Compounds 

Only about a dozen R 3 T1 compounds have been reported as yet (73), and 
there have been no systematic studies of their properties or reactions. As 
described previously (see Section II) trimethylthallium and triphenyl- 
thallium have been prepared by treatment of thallium(I) iodide with methyl- 
lithium and phenyllithium, respectively, but the generality of this synthetic 
method has not been explored. Reaction of diorganothallium(III) com¬ 
pounds R 2 T1X with organolithium reagents appears to be a more convenient 
and widely applicable procedure which, by variation of the organolithium 
employed, affords access to mixed compounds R 2 T1R' (6, 45,50,136). Early 
attempts to effect the analogous reaction of R 2 T1X compounds with Grig- 
nard reagents in diethyl ether were unsuccessful. Tris(pentafluorophenyl)- 
thallium has, however, been prepared recently in this manner (30,132), while 
use of tetrahydrofuran as solvent has been shown to result in smooth con¬ 
version of diethylthallium bromide into triethylthallium on treatment with 
ethylmagnesium bromide (120). 

The most outstanding feature of R 3 T1 compounds with respect to 
chemical reactivity is the great ease with which one of the substituent groups 
may be displaced and R 2 T1X compounds formed. Cleavage has been found 
to occur readily not only with a wide variety of proton acids (82) [Eq. (1)], 
but with halocarbons (82) [Eq. (2)], pseudohalogens (106) [Eq. (3)], and 

RjTl HX ■> R 2 T1X + RH (1) 


CHC1) 


R 2 T1C1 + T1C1 


( 2 ) 
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C1Na » R 2 T1N 3 + RC1 (3) 

S ° 2 ■» RjTlOSOR (4) 

sulfur dioxide (80) [Eq. (4)]. These data are consistent with the fact that the 
T1—C bonds in R 3 T1 are believed to be very weak with respect to the first 
dissociation. In trimethylthallium, for example, the dissociation energy for 
the first T1—C bond has been estimated to be only 27.4 kcal/mole (57). 
Moreover, the products of the reactions are ionic R 2 T1X compounds in 
which the linear cation RT1R, which is isoelectronic with mercury(II) 
and is rp-hybridized, is known to be particularly stable (73, 78). Conse¬ 
quently, cleavage of the second and third C—T1 bonds in R 3 T1 compounds 
does not normally occur easily, and requires fairly vigorous reaction con¬ 
ditions such as exposure to ultraviolet light or treatment with halogens (for 
further discussion see Section II,B). 

The weak C—T1 bond in R 3 T1 compounds and the stability of R 2 T1X 
compounds are thus the two major reasons for the high chemical reactivity 
of triorganothallium derivatives. It has been suggested in the past that their 
reactivity is due to a tendency to ionize to R 2 T1 + R _ (51), but there is no 
evidence to support the presence of carbanionic species in the absence of a 
co-reagent. Trimethylthallium, which is associated in the solid state (138), 
exists as the monomer both in the vapor state and in benzene solution (43, 
146). Association in the crystal results from unsymmetrical bridging of the 
thallium atoms by the methyl groups (138), and this bridging is a weak inter¬ 
action. Methyl bridging to give dimers has been invoked to account for 
the rapid intermolecular exchange of methyl groups which has been observed 
in the NMR spectrum of trimethylthallium (98). In view of the absence of 
any physical evidence for carbanionic character in R 3 T1 compounds, there¬ 
fore, the facile cleavage of the first C—T1 bond can be regarded as the result 
of a simple concerted substitution process. 

B. Preparation and Properties of R 2 TIX Compounds 

These compounds are the most stable of the three classes of organothal- 
lium(III) derivatives and have been prepared by a wide variety of classical 
organometallic procedures. Many exchange reactions of T1X 3 (X = Cl, 
carboxylate) with organo derivatives of boron, mercury, tin, lead, etc., have 
been shown to result in formation of R 2 T1X compounds (73, 78), but are of 
relatively little preparative significance. The most frequently used procedure 
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for the preparation of R 2 T1X compounds consists of treatment of a 
thallium(III) halide or carboxylate with excess of Grignard reagent (73, 78). 
Due to oxidation of the Grignard reagent by thallium(III), yields of products 
are generally moderate and vary with the nature of the Grignard reagent. 
Thus yields of R 2 T1X derivatives are reasonable when RMgCl or RMgBr 
is used, but considerably lower when RMgl is employed. In contrast to most 
of the other procedures that have been described, however, the low yields 
encountered with this method are often acceptable as the starting materials 
are readily accessible. 

A simple, high-yield procedure for the conversion of ArTlX 2 into 
Ar 2 TlX compounds has recently been described (90). This symmetrization 
reaction, the mechanism of which is not known, can be effected by treatment 
of the ArTlX 2 compound either with triethyl phosphite or with hot aqueous 
acetone. As a wide variety of ArTlX 2 compounds can now be easily pre¬ 
pared by electrophilic thallation of aromatic substrates with thallium(III) 
trifluoroacetate (q.v.), symmetrization represents the method of choice for 
the preparation of the majority of Ar 2 TlX compounds. Only about twenty 
“mixed” compounds, RR'TIX, have been prepared so far, and the only 
general synthetic procedure available consists of a disproportionation reac¬ 
tion between an RT1X 2 species and another organometallic reagent [e.g., 
Eqs. (5)—(7)]. 


C 6 H 3 T1C1 2 + 4-CH 3 C 6 H 4 B(OH) 2 -► 

CH 3 Tl(OOCCH(CH 3 ) 2 ) 2 + C 6 HjB(OH) 2 


\ 

C 2 HjT1(OOCCH(CH 3 ) 2 ) 2 + (CH 3 ) 4 Sn -► T100CCH(CH 3 ) 2 

C 2 Hj 

+ (CH 3 ) 3 SnOOCCH(CH 3 ) 2 
(7) 

There appears to be a widespread belief that compounds of the general 
type R 2 T1X are among the most stable and the least reactive of organo¬ 
thallium derivatives and, indeed, among organometallic compounds in 
general (73, 79). This misconception would appear to be due primarily to a 
paucity of information stemming from disinterest on the part of previous 


• C«Hj(4-CH 3 C«H 4 )T1C1 + B(OH) 3 + HC1 


^TlCl + B(OH) 3 
3 + 2(CH 3 ) 2 CHCOOH (6) 
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investigators, for recent investigations {149) have indicated that Ar 2 TlX 
compounds are useful and versatile intermediates for the preparation of a 
variety of substituted aromatic compounds. 

Specifically, it has recently been found {149) that diarylthallium tri- 
fluoroacetates may be converted into aromatic iodides by refluxing a solution 
in benzene with an excess of molecular iodine. Yields are excellent (74- 
94%) and the overall conversion represents, in effect, a procedure for the 
conversion of aromatic chlorides or bromides into aromatic iodides via 
intermediate Grignard reagents. The overall stoichiometry for this con¬ 
version is represented in Eq. (10), and it would appear that the initial reac¬ 
tion is probably formation of 1 mole of aromatic iodide and 1 mole of 
arylthallium trifluoroacetate iodide [Eq. (8)] which subsequently spontane¬ 
ously decomposes to give a second mole of aromatic iodide and thallium(I) 
trifluoroacetate [Eq. (9)]. Support for this interpretation comes from the 

Ar 2 T100CCF 3 + I 2 - ArTl(I)(OOCCF 3 ) + Arl (8) 

ArTl(I)(OOCCF 3 ) — Arl + TIOOCCFj (9) 

Ar 2 T100CCF 3 + I 2 — 2ArI + TIOOCCFj (10) 

observation that treatment of di-p-tolylthallium trifluoroacetate with 1 
equivalent of iodine resulted in the formation of 2 equivalents of p-iodo- 
toluene (91%) and thallium(I) trifluoroacetate (88%); no thallium(I) 
iodide could be detected. The spontaneous disproportionation of aryl¬ 
thallium trifluoroacetate iodides to aromatic iodides has been confirmed 
independently {2). 

The conversion of diarylthallium trifluoroacetates to aromatic iodides by 
treatment with molecular iodine is thus analogous to the well-known 
conversion of diarylmercury derivatives with iodine to a mixture of an 
aromatic iodide and an arylmercury iodide {134), but it is much more effect¬ 
ive as a synthetic tool because of the spontaneous disproportionation to 
product of the intermediate arylthallium trifluoroacetate iodide. The 
present procedure thus provides a practical synthetic method for the ultim¬ 
ate conversion of aryl Grignard reagents to aromatic iodides. 

It has been reported previously {147), and will be discussed in detail 
later, that arylthallium ditrifluoroacetates may be converted in good yield 
to phenols by treatment with lead tetraacetate in trifluoroacetic acid solution 
followed by addition of 1 mole of triphenylphosphine. The immediate 
product of the above reaction, an aryl trifluoroacetate, is hydrolyzed 
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quantitatively to the desired phenol with aqueous alkali. The same reaction 
sequence may be applied to diarylthallium trifluoroacetates; phenols are 
formed in comparable yields (20-70%). The overall reaction probably 
involves cleavage of the diarylthallium trifluoroacetate to give an arylthallium 
ditrifluoroacetate and an aryllead tristrifluoroacetate. The latter pre¬ 
sumably decomposes spontaneously to lead ditrifluoroacetate and the aryl 
trifluoroacetate, while the former undergoes a metal-metal exchange with 
lead tetratrifluoroacetate (via an intermediate complex which can be iso¬ 
lated) to give a second mole of an aryllead tristrifluoroacetate. 

Ar 2 T100CCF 3 + LTTFA 

1 


ArTl(OOCCF 3 ) 2 + ArPb(OOCCF 3 ) 3 



TTFA + ArPb(OOCCF 3 ) 3 -*• ArOOCCF 3 + Pb(OOCCF 3 ) 2 

The reason for the effectiveness of triphenylphosphine is at present 
uncertain, although its eventual isolation as triphenylphosphine oxide 
indicates that it may well function as a scavenger for the thallium(III) 
released in the metal-metal exchange reaction. 

This phenol synthesis complements the analogous reaction (see below) 
from arylthallium ditrifluoroacetates (147). Although yields are only 
moderate, the procedure represents a viable conversion of aryl Grignard 
reagents to phenols. It is a practical method, however, only when the diaryl¬ 
thallium trifluoroacetate precursor is formed via the Grignard route; the 
alternative synthesis via symmetrization of arylthallium ditrifluoroacetates 
is obviously circuitous, since the latter compounds may be converted directly 
to phenols. 

It has been reported that photolysis of arylthallium ditrifluoroacetates in 
benzene suspension results in replacement of the thallium substituent by a 
phenyl group (i.e., phenylation) to give unsymmetrical biphenyls in excellent 
yield (152 ); this reaction is summarized in Section III,C. An analogous reac¬ 
tion occurs upon photolysis of diarylthallium trifluoroacetates in benzene 
suspension: unsymmetrical biphenyls are formed in comparable yield 
(40-95%). The mechanism of this conversion is undoubtedly similar to that 
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discussed in Section III,C for the conversion of arylthallium ditrifluoroacet- 
ates to biphenyls. The two syntheses complement each other, since the 
substituent pattern possible with diarylthallium trifluoroacetates prepared 
via the Grignard route may be different from that accessible via the sym- 
metrization route (which must be identical to the pattern present in the 
initial arylthallium ditrifluoroacetate precursors). 

From these limited observations it would appear that Ar 2 TlX compounds 
are not as stable as current mythology would have us believe, and that they 
may be utilized under appropriate reaction conditions as intermediates 
in various aromatic substitution reactions. Further investigations of these 
compounds are clearly warranted. 

C. Preparation and Properties of RTIX 2 Compounds 

Monoalkylthallium(III) compounds are unstable (73, 79), and very few 
examples of this class have been isolated. A number of alkylthallium diacet¬ 
ates have been obtained either from oxythallation of olefins with thallium- 
(III) acetate (see below) or from exchange reactions such as that shown 
in Eq. (11) (74, 75). Only four alkylthallium dihalides have been isolated so 
far, namely a neopentylthallium dihalide (60) [Eq. (12)] and the isomeric 
2-, 3-, and 4-pyridiomethylthallium dichlorides (20) [Eq. (13)]. Monoaryl- 
and monovinylthallium(III) derivatives are considerably more stable than 

(CH 3 ) 2 TK)OCCH 3 + Hg(OOCCH 3 )j -► CH 3 T!(OOCCH 3 ) 2 + CH 3 HgOOCCH 3 

(ID 

[(CH 3 ) 3 CCH 2 ] 2 T1C1 + CjHjNBr 2 CH2CI> » (CH 3 ) 3 CCH 2 TlBrX (12) 

X = Cl or Br 



H H 


the corresponding alkyl compounds, and can usually be isolated and 
characterized without difficulty. Both types of compound have been 
prepared by exchange reactions between thallium(III) halides or carboxyl- 
ates and organo derivatives of mercury or tin (73, 79)\ ArTlX 2 compounds 
have been prepared similarly from arylboronic acids and thallium(III) 
halides ( 73, 79). The synthetic utility of these exchange reactions is obviously 
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contingent on the accessibility of the requisite organo-mercury, -tin, 
or -boron derivative, however, and not surprisingly the number of organo¬ 
thallium compounds which has been prepared in this way is rather small. 
By far the most simple and general procedures for the preparation of 
monoalkyl- and monoarylthallium(III) compounds are via the oxythallation 
(66) and thallation reactions, respectively (67). 

The general term metallation describes that process in which reaction of 
an unsaturated system with a metal or an electrophilic metal salt results in 
formation of an unsaturated organometallic compound by formal replace¬ 
ment of a C—H bond by a C—metal bond, as for example in the mercuration 
of benzene (Scheme 3). The term oxymetallation is used to describe the 



Scheme 3 


overall addition reaction which occurs when unsaturated systems, in 
particular olefins, are treated with electrophilic metal salts. Oxymetallation 
results in formation of two bonds and, in the case of olefins, production of 
saturated organometallic derivatives, as for example in the oxymercuration 
of styrene [Eq. (14)]. In oxymercuration and oxythallation it has been 

C 6 H s CH=CH 2 + Hg(OOCCH 3 ) 2 -► C 6 H S CH—CH 2 HgOOCCH 3 (14) 


OOCCH 3 


shown that addition is not synchronous, that some positive charge can 
develop on the carbon atom a to the carbon-metal bond during reaction, 
and that solvent may participate in the addition reaction if it is more nucleo¬ 
philic than the anion of the metal salt (66, 67, 124). The products obtained 
from oxymercuration and oxythallation are those derived from Markowni- 
kov addition of the electrophile to the double bond. 

Metallation and oxymetallation reactions have been observed with the 
salts of only a few metals, namely mercury(II) (66, 67), thallium(III) 
(66,67), lead(IV) (66, 67), palladium(II) (100), gold(III) (63), and platinum- 
(II) (29). These facts correlate well with what Chatt (1) has termed “class b,” 
and Pearson (130) has called “soft acid’” character. Soft acids are charac¬ 
terized by low charge, large size, and, often, d electrons in their outer shell. 
No “class b” metal is known, in fact, which contains fewer than five d 
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electrons. On the basis of these facts, thallium(III) should be a softer acid 
than thallium(I), and this has been found to be the case (131). The above 
features characteristic of metallation reactions were first recognized by 
Davidson and Triggs (29). More recently, an attempt has been made by 
Klopman (69) to estimate “softness” quantitatively using a frontier orbital 
calculation approach, and some of the results obtained for metal ions are 
shown in Table V. These data not only confirm that thallium(III) is softer 


TABLE V 

Calculated Softness Character ( E „) 
of Selected Metal Cations 


Metal cation 

E„ 


Al 3 + 

6 .01) 


Fe 3+ 

2 .22/ 

Hard 

Ga 3+ 

1.45) 


Tl 1 + 

-1.88/ 

Borderline 

Ag I + 

-2.821 


TP + 

-3.37 

Soft 

Hg J + 

-4.62J 



than thallium(I), but also indicate that thallium(III) salts, unlike gallium- 
(III) salts, should be almost as reactive as mercury(II) salts in metallation 
and oxymetallation reactions. 

In contrast to the enormous amount of effort which has been devoted to 
studies of the mercuration (67) and oxymercuration (66) processes, the 
analogous reactions involving thallium(III) salts have been virtually ignored. 
The first example of electrophilic aromatic thallation was recorded in 1943 
by Gilman and Abbott (42), who found that treatment of dibenzofuran with 
thallium(III) chloride at 165° C gave di-4-(benzofuryl)thallium(III) 
chloride in 9% yield (Scheme 4). More than ten years later Glushkova and 
Kocheshkov (46) reported that reaction of activated aromatic substrates 
with thallium(III) isobutyrate at 95°-l 15° C led to formation of arylthallium 
diisobutyrates (Scheme 4); similar results have since been claimed with 
respect to thallium(III) acetate (29). As synthetic routes to ArTlX 2 com¬ 
pounds, however, these reactions are less than satisfactory. The thallium(III) 
salts which were used are all poorly electrophilic, especially the chloride, and 
hence the range of aromatic substrates which can be effectively substituted 
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is severely restricted. Moreover, many ArTlX 2 compounds are thermally 
unstable, and undergo decomposition and/or symmetrization on heating 
(see Section III,B); the rather high reaction temperatures necessary in the 
above procedures are therefore undesirable. The deleterious effect of high 
temperature is in fact illustrated in Gilman and Abbott’s work (Scheme 4); 
the product isolated was not that which would be expected from an electro¬ 
philic aromatic substitution reaction, namely the monoarylthallium(III) 
derivative, but the more stable diarylthallium chloride. This latter compound 
was presumably formed by thermal symmetrization of the initially formed 
ArTlCl 2 derivative. 

Thallium(III) trifluoroacetate (hereafter abbreviated TTFA), in contrast 
to the acetate, isobutyrate, and chloride, is a highly ionic salt, and has been 
found to be an extremely reactive thallating reagent (89). This particular 
salt was selected for thallation by analogy with results obtained in mercura- 
tion, where Brown and Wirkkala (13) found that use of trifluoroacetic acid 
(hereafter abbreviated as TFA) as solvent resulted in a rate increase in 
electrophilic aromatic mercuration of 6.8 x 10 5 relative to acetic acid. 
Treatment of aromatic compounds with TTFA in either TFA or, for acid- 
sensitive compounds, in a solvent such as acetonitrile results in direct 
thallation and formation of arylthallium ditrifluoroacetates. Reaction with 
substrates which are activated toward electrophilic substitution is generally 
complete within a few minutes at room temperature, and in the majority of 
cases the arylthallium ditrifluoroacetates crystallize from the reaction 
mixture. Thallation of mildly deactivated substrates such as the halo- 
benzenes requires longer reaction times at room temperature (~48 hours) 
or 30 minutes at reflux temperature (73° C) in TFA, while deactivated 
compounds such as benzoic acid are thallated after ~24-hour reflux in 
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TFA. Electrophilic aromatic thallation with TTFA therefore constitutes 
a simple and general procedure for the preparation of monoarylthallium(III) 
derivatives and has been the subject of detailed kinetic, mechanistic, and 
synthetic investigations. These aspects of the thallation reaction are 
discussed at length below. 

The properties of ArTlX 2 compounds vary erratically with the nature of 
X, although the reasons for this behavior are not yet understood. The halides 
ArTlF 2 and ArTlCl 2 appear from both conductance experiments ( 32 , 81 ) 
and infrared studies ( 81 ) to be largely covalent while, by use of similar 
techniques, it has been shown that the carboxylate salts ArTl(OOCR) 2 
[R = CH 3 , CH(CH 3 ) 2 , CF 3 ] are partially or completely ionic ( 81 ). Conse¬ 
quently, treatment of arylthallium dicarboxylates with inorganic nucleo¬ 
philes Y~ results in most cases in simple displacement of the carboxyl group 
and formation of the corresponding ArTlY 2 compound [Eq. (15)] ( 9 ). As 
arylthallium ditrifluoroacetates are readily accessible via thallation of 
ArTl(OOCR), + 2Y- -* ArTlY, + 2RCOCT (IS) 

aromatic compounds with TTFA, this procedure therefore constitutes a 
general method for the preparation of ArTlY 2 compounds. 

The dramatic variation in the stability of these organothallium compounds 
is well illustrated by the halides ArTlY 2 , where Y = F, Cl, Br, I. Thus, 
treatment of arylthallium ditrifluoroacetates with aqueous potassium 
fluoride, chloride, or bromide results in formation of the corresponding 
arylthallium dihalides ( 90 ). The fluorides and chlorides are stable, crystalline 
solids which show little tendency either to disproportionate or to decompose 
at room temperature. The bromides, on the other hand, are quite unstable 
and decompose either on storage or on gentle heating (~40° C) to give mainly 
the aromatic bromide and thallium(I) bromide, together with a small 
amount of diarylthallium bromide. Treatment of an arylthallium ditri- 
fluoroacetate with aqueous potassium iodide results in direct, and in most 
cases instantaneous, formation of the corresponding aromatic iodide and 
thallium(I) iodide ( 91 ), presumably via formation of an unstable aryl¬ 
thallium diiodide [Eq. (16)]. All attempts to isolate or intercept arylthallium 
ArTl(OOCCF 3 ), + 2KI — [ArTlI,] — Arl + Til + 2CF 3 COO- (16) 

diiodides in these reactions have proved unsuccessful. Organothallium 
compounds of the type ArTlI 2 are in fact unknown except as complexes 
where Ar = C 6 F 5 ( 30 ), while the instability of T1I 3 itself is well documented 
( 26 ). 
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From the above data it is obvious that the reaction sequence of thallation 
followed by treatment of the resulting arylthallium ditrifluoroacetate with 
potassium iodide represents a rapid and extremely simple synthesis of 
aromatic iodides. Critical to the practical exploitation of this facile aromatic 
substitution reaction sequence was the orientation of the entering iodine 
with respect to the displaced thallium substituent. Careful investigation has 
shown that, in all cases, the entering iodine substituent always replaces 
thallium on the same position on the aromatic ring. Evidence for this 
conclusion comes not only from the constancy of isomer ratios observed 
when thallium is replaced by a variety of different substituent groups (see 
below), but also by NMR spectroscopy. It has been demonstrated previously 
that thallium-hydrogen coupling constants are approximately 130 times 
greater than the corresponding hydrogen-hydrogen coupling constants, a 
phenomenon which has been discussed in detail and qualitatively rational¬ 
ized on the basis of a Fermi contact interaction arising from the large effective 
nuclear charge on the thallium atom (98, 99). NMR spectra of ArTlX 2 
compounds therefore unambiguously position the thallium with respect to 
other substituents on the aromatic ring, and careful comparisons of the 
structures of the starting ArTlX 2 compounds with the resulting aromatic 
iodides fully justify the above conclusion. 

With the ArH ArTlX 2 -»■ Arl reaction sequence available as a rapid 
and reliable probe for aromatic thallation, a detailed study was undertaken 
of the various factors affecting orientation in this electrophilic metallation 
process (153). The results, which are summarized below, demonstrate that 
aromatic thallation is subject to an almost unprecedented degree of orienta¬ 
tion control; coupled with the ease with which thallium can then be dis¬ 
placed by other substitutent groups (this aspect of the synthetic exploita¬ 
tion of aromatic thallation is discussed in detail below), the sequential 
processes of thallation followed by displacement represent a new and 
versatile method for aromatic substitution which both rivals and comple¬ 
ments the classic Sandmeyer reaction. 

Aromatic thallation has been shown to be a reversible electrophilic substi¬ 
tution reaction with an energy of activation of approximately 27 kcal/mole 
and an extremely large steric requirement (153). The consequence of the 
latter feature of aromatic thallation is that there is a significant preference 
for para substitution in thallation of simple monosubstituted benzenoid 
compounds. It will be seen by examination of Table VI that the amount 
of para substitution increases as the size of the substituent increases (for 
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example, the amount of para substitution observed on thallation of toluene, 
n-propylbenzene, and cumene is 87, 91, and 94%, respectively). Examina¬ 
tion of the table further reveals, however, that the orientation of the incom¬ 
ing thallium electrophile can be dramatically influenced by substituents on 
the aromatic ring capable of complexing with thallium. A dramatic illustra- 

TABLE VI 


Isomer Distributions in the Thallation of Aromatic 
Compounds at Room Temperature 


Substrate 

C 6 H 5 R, r = 

I 

Ortho 

somer distribut 

Meta 

Para 

ch 3 

9 

4 

87 

CHjCHjCHa 

3 

6 

91 

CH(CHj)j 

1 

5 

94 

COOH 

95 

5 

0 

CHjCOOH 

92 

3 

5 

CH(CH 3 )COOH 

65 

11 

24 

C(CH 3 ) 3 COOH 

0 

37 

63 

CHjCHjCOOH 

29 

13 

58 

CH(CH 3 )CH 3 COOH 

37 

14 

49 

CHjCHjCHjCOOH 

6 

10 

84 

CH 3 CH 3 CH 3 CH 3 COOH 

5 

9 

86 

COOCH 3 

95 

5 

0 

CHjCOOCH 3 

92 

3 

5 

CH 3 CH 3 COOCH 3 

53 

7 

40 

ch 3 oh 

>99 

— 

— 

ch 3 oocch 3 

50 

21 

29 

CHjCHjOH 

83 

6 

11 

CH 3 CH 3 OOCCH 3 

3 

13 

84 

ch 3 ch 3 ch 3 oocch 3 

5 

12 

83 

och 3 

7 

— 

93* 

CHjOCH 3 

>99 

— 

— 

CH 3 CH 3 OCH 3 

85 

3 

12 

ch 3 ch 3 ch 3 och 3 

27 

6 

67 

ch 3 ooccf 3 

49 

24 

27 

OCOCHj 

21 

— 

79 

o-CH 3 C 6 H 4 CH 3 COOH 

31°/ 

i thallation in position 6 C 


“ Determined by glc analysis of the corresponding aromatic 
iodides. 

b Determined by NMR. Thallation was carried out at -25° C. 
c Exact values for the percentage of thallation in the other 
positions were not obtained. 
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tion of this effect is the almost exclusive (95%) ortho substitution observed 
with benzoic acid or with methyl benzoate. The rationalization for this 
dramatic reversal in the normal orientation rules (ortho substitution with a 
meta-directing substituent) is intramolecular delivery of the thallium 
electrophile to the ortho position through an intermediate substrate- 
electrophile complex (Scheme 5). Thallation of phenylacetic acid (or its 
esters) likewise gave almost exclusive ortho substitution, whereas thallation 



R = H, CH 3 

Scheme 5 


of 3-phenylpropanoic acid gave only 30% ortho substitution. Apparently 
intramolecular delivery of thallium can occur to the ortho position through 
a five- or six-membered chelate ring, but the seven-membered chelate ring 
formed with 3-phenylpropanoic acid is too large to allow ortho substitution. 
These preliminary conclusions were confirmed by examination of the 
thallation-iodination sequence with a number of homologous series of 
compounds substituted in the side chain with substituents capable of 
complexing with TTFA, the electrophile employed in all these studies. 
Independent of the nature of the complexing group (carboxylic acid, car¬ 
boxylic ester, alcohol, ether, acetate), five- and six-membered intermediate 
chelates led to exclusive or predominate ortho substitution, while increasing 
the size of the intermediate chelate by increasing further the distance of the 
complexed electrophile from the aromatic ring resulted in a sharp decrease 
in ortho substitution. 
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A dramatic illustration of the practical application of these observations 
is seen in the thallation-iodination of phenylethanol versus the acetate of 
phenylethanol; the former gives o-iodophenylethanol, while the latter gives 
^>-iodophenylethanol. 

Kinetic studies, as mentioned above, show that aromatic thallation is a 
freely reversible electrophilic substitution reaction with an activation energy 
of approximately 27 kcal/mole. The principle of microscopic reversibility 
predicts that, under equilibrating conditions , the meta isomer should accumul¬ 
ate at the expense of the kinetically favored ortho and para isomers, at least 
to the point of statistical distribution (as a consequence of the steric prefer¬ 
ence for para versus ortho substitution, this statistical distribution turns out 
to be 33% para, 66% meta). In agreement with this prediction, it has been 
found that the amount of w-iodocumene is increased 17-fold by carrying out 
the thallation of cumene at the temperature of refluxing TFA (73° C) 
rather than at room temperature prior to quenching of the reaction mixture 
with aqueous potassium iodide. Thus thallation of phenylethanol at 73° C 
followed by addition of potassium iodide gives predominantly w-iodophenyl- 
ethanol; coupled with the results described above, it will be seen that, under 
appropriate conditions but utilizing the same substrate and the same 
reagents, selective ortho, or meta, or para substitution can be achieved 
(Scheme 6). This degree of control over orientation in aromatic substitution 
reactions is unprecedented. 


CHjCHjOH 



Scheme 6 

Reaction with TTFA/TFA (at temperature indicated) followed by addition of aqueous 
KI. 
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In summary, then, the orientation of electrophilic thallation can be con¬ 
trolled by an appropriate manipulation of reaction conditions. Under 
conditions of kinetic control, ortho substitution results when chelation of the 
electrophilic reagent (TTFA in the studies described above) with the direct¬ 
ing substituent permits intramolecular delivery of the electrophile, and 
para substitution results when such capabilities are absent; this latter result 
is an expression of the very large steric requirements of the bulky thallium 
electrophile. Under conditions of thermodynamic control, however, meta 
substitution is observed. 

From the point of view of the synthetic organic chemist, the importance of 
aromatic thallation, and the remarkable degree of orientation control which 
can be exercised over this process, lies in the ease with which the resulting 
ArTlX 2 compounds can be converted into substituted aromatic derivatives 
in which the new substituent group has entered the ring at the position to 
which thallium was originally attached. Syntheses of phenols, nitroso 
compounds, biaryls, aromatic nitriles, thiophenols, and deuterated aromatic 
compounds have all been achieved; these results are summarized briefly 
below. 

Transmetallation reactions involving thallium(III) carboxylates and 
diarylmercury compounds (47, 61, 85), arylthallium dicarboxylates and 
dihalomercury compounds (48), lead(IV) carboxylates and diarylmercury 
compounds (28,85), and mercury(II) carboxylates and diaryllead dicarboxyl¬ 
ates (129) have all been reported. Coupled with the knowledge that aryllead 
tricarboxylates are unstable and disproportionate, at least in part, to give 
arylacetates (133), it might be expected that ArTlX 2 compounds would 
undergo transmetallation with lead(IV) carboxylates. More specifically, 
since transmetallation is apparently an electrophilic substitution reaction on 
the original aryl-metal bond (28), such a transmetallation could be facilitated 
by the use of lead tetratrifluoroacetate as the electrophilic reagent. Further¬ 
more, the subsequent decomposition of the anticipated product of such a 
transmetallation reaction, the aryllead trifluoroacetate, should undergo 
spontaneous decomposition to an aryl trifluoroacetate (i.e., a phenol by 
subsequent hydrolysis). These expectations have been thoroughly confirmed 
in a new and practical phenol synthesis from arylthallium ditrifluoroacetates 
(147). Thus, treatment of the latter intermediates in trifluoroacetic acid solu¬ 
tion with 1 equivalent of lead tetraacetate (which is converted in situ to lead 
tetratrifluoroacetate) leads to the formation of aryltrifluoroacetates, which 
are hydrolyzed with dilute alkali to give the desired phenols. When aryl- 
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thallium ditrifluoroacetates recrystallized to isomeric purity are employed, 
isomerically pure phenols result in 30-80% yield. On the other hand, the 
entire reaction sequence involving thallation, transmetallation, decomposi¬ 
tion to the aryltrifluoroacetates, and hydrolysis can be carried out in a single 
step directly from the aromatic hydrocarbon; the phenols resulting reflect 
the isomer distribution originally achieved in the initial thallation process. 
In optimum cases, this one-step sequence, which proceeds in 20-65% 
yield, represents an extremely convenient method for the direct introduction 
of hydroxyl groups into aromatic nuclei. 

Yields in the above reactions can often be improved by the addition of 
1 mole of triphenylphosphine directly to the trifluoroacetic acid solution of 
the reactants immediately before final work-up. It would appear that the 
triphenylphosphine functions as a scavenger for TTFA released in the 
metal-metal exchange reaction, thus protecting the final phenol from fur¬ 
ther electrophilic thallation and/or oxidation. Validation of the metal-metal 
exchange mechanism was obtained indirectly by isolation and characteriza¬ 
tion of an ArTlX 2 /LTTFA complex directly from the reaction mixture. 
NMR analysis revealed that this complex still possessed an intact aryl- 
thallium bond, indicating that it was probably the precursor to the trans¬ 
metallation products, an aryllead tristrifluoroacetate and TTFA. 

Arguing by analogy with results obtained and discussed for mercury-lead 
exchange reactions (28), the above transmetallation reaction involving 
ArTlX 2 compounds and lead tetratrifluoroacetate probably involves an 
electrophilic attack by lead(IV) on the aryl-thallium bond. Electrophilic 
displacement of thallium by other suitable electrophiles might represent a 
novel method for electrophilic aromatic substitution with unique orientation 
possibilities, since the final orientation of substituents would presumably be 
determined by the initial thallation process rather than by the normal rules 
of electrophilic substitution. This latter point has not as yet been explored, 
but the validity of the general concept seems to be supported by two further 
examples of electrophilic cleavage of the aryl-thallium bond. The first is 
protodethallation, the simplest example of displacement of thallium by an 
electrophile and a thoroughly studied reaction which forms the basis of the 
thermodynamic orientation control exercised over electrophilic thallation 
(see above). The second example involves the reaction of arylthallium di¬ 
trifluoroacetates with nitrosyl chloride, a reaction which provides a re¬ 
markably facile general route to aromatic nitroso compounds (150). The 
overall stoichiometric reaction is indicated in Eq. (17); it will be seen that 
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ArTl(OOCCF 3 )j + NOC1 — ArNO + T1(C1) (OOCCFj), (17) 

this is another example of electrophilic displacement of thallium(III) 
from the aromatic nucleus [release of thallium(III) rather than thallium(I) 
in this reaction has been confirmed experimentally]. In fact, since the 
arylthallium ditrifluoroacetates can be recrystallized to isomeric purity, 
the above reaction constitutes a novel and potentially useful method for the 
direct introduction of nitrogen functionalities (nitroso, amino, or nitro) 
into aromatic nuclei with all of the orientation control potential inherent in 
the initial electrophilic aromatic thallation reaction. Nitroso compounds 
have been prepared in this way in 40-90% yield from a wide variety of 
aromatic substrates. 

The versatility of ArTlX 2 compounds as intermediates for the synthesis 
of substituted aromatic compounds has been substantially extended by the 
observation that the aryl-thallium bond is extremely labile photochemically. 
The resulting aryl radical can then be captured by appropriate reagents (see 
below) to give substituted aromatic compounds. A remarkable feature of 
these photochemical conversions of ArTlX 2 compounds to substituted 
aromatics is that, as before, the new substituent always enters the ring at the 
position to which thallium was originally attached. 

For example, photolysis of a suspension of an arylthallium ditrifluoro- 
acetate in benzene results in the formation of unsymmetrical biphenyls in 
high yield (80-90%) and in a high state of purity (152). The results are in 
full agreement with a free radical pathway which, as suggested above, is 
initiated by a photochemically induced homolysis of the aryl carbon- 
thallium bond. Capture of the resulting aryl radical by benzene would lead 
to the observed unsymmetrical biphenyl, while spontaneous disproportion¬ 
ation of the initially formed Tl(II) species to thallium(I) trifluoroacetate 
and trifluoroacetoxy radicals, followed by reaction of the latter with aryl 
radicals, accounts for the very small amounts of aryl trifluoroacetates formed 
as by-products. This route to unsymmetrical biphenyls thus complements 
the well-known Wolf and Kharasch procedure involving photolysis of 
aromatic iodides (171). Since the most versatile route to the latter com¬ 
pounds involves again the intermediacy of arylthallium ditrifluoroacetates 
(treatment with aqueous potassium iodide) (91), these latter compounds 
now occupy a central role in controlled biphenyl synthesis. 

A further demonstration of the efficacy of photolysis of ArTlX 2 com¬ 
pounds is the recently described synthesis of aromatic nitriles by photolysis 
of solutions of arylthallium ditrifluoroacetates in aqueous potassium cyanide 
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solution (147). The species present in solution is undoubtedly the complex 
ion ArTl(CN) 3 ~K + (18). Photolysis presumably leads to initial homolysis 
of the carbon-thallium bond with the simultaneous formation of an aryl 
radical and thallium(II) dicyanide. The latter unstable species must dis¬ 
proportionate to T1(I) [because of the high heat of formation of cyanide 
radicals (166), this disproportionation may involve species such as 
TlCN(OOCCF 3 ), leading to the formation of trifluoroacetoxy radicals; 
trace amounts of phenols isolated during these photolyses would be con¬ 
sistent with this hypothesis]. Attack on the phenyl radical by cyanide ion 
would give an aromatic nitrile radical anion, which by loss of an electron 
would give the observed aromatic nitrile. The radical process for this reac¬ 
tion is confirmed by observations on the photolysis of phenylthallium 
ditrifluoroacetate in the presence of smaller amounts of cyanide ion, which 
led to traces of benzene, biphenyl, several isomeric cyanobiphenyls, and (as 
mentioned above) phenol. Furthermore, the formation of o-tolunitrile from 
phenylacetic acid is in agreement with previous observations on the photo- 
chemically induced radical decomposition of thallium(III) phenylacetate 
(70). 

Thiophenols may also be synthesized via the photochemical decomposi¬ 
tion route (156). Thus, treatment of arylthallium ditrifluoroacetates with an 
aqueous solution of potassium A^AT-dimethyldithiocarbamate led in quanti¬ 
tative yields to the formation of the corresponding aryl N,N- dimethyl- 
dithiocarbamates. Subsequent photolysis in aqueous acetone then led to 
disulfides which were reduced to the thiophenols. A small amount of 
aryldithiocarbamate formed as a by-product in the photolysis was converted 
to the same thiophenol by hydrolysis. The overall reaction sequence is 
illustrated in Eq. (18). 

S S 

II II 

ArTl(OOCCF 3 ) 2 + 2 K+SCN(CH 3 ) 2 -- ArTl[SCN(CH 3 ) 2 ] 2 


ArSH < [H1 - 

H ; o 


ArSSAr + ArSCN(CH 3 ) 2 


Remarkably, ArTlX 2 compounds also suffer nucleophilic substitution on 
the carbon-thallium bond with hydride ion to regenerate the parent arom- 
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atic hydrocarbon (173). The use of lithium aluminum deuteride or aluminum 
amalgam in D z O thus provides a method for regiospecific introduction of 
deuterium into aromatic nuclei (see Scheme 7). 


Tl(OOCCF 3 ) 2 d 



R R 

Scheme 7 


The aryl-thallium bond is thus apparently capable of displacement 
either by electrophilic or by suitable nucleophilic reagents. Coupled with its 
propensity for homolytic cleavage (spontaneous in the case of ArTlI 2 
compounds, and otherwise photochemically induced), ArTlX 2 compounds 
should be capable of reacting with a wide variety of reagents under a wide 
variety of conditions. Since the position of initial aromatic thallation can be 
controlled to a remarkable degree, the above reactions may be only 
representative of a remarkably versatile route to aromatic substitution 
reactions in which organothallium compounds play a unique and 
indispensable role. 

Monoalkylthallium(III) compounds can be prepared easily and rapidly 
by treatment of olefins with thallium(III) salts, i.e., oxythallation (66). In 
marked contrast to the analogous oxymercuration reaction (66), however, 
where treatment of olefins with mercury(II) salts results in formation of 
stable organomercurials, the monoalkylthallium(III) derivatives obtained 
from oxythallation are in the vast majority of cases spontaneously unstable, 
and cannot be isolated under the reaction conditions employed. Oxythalla¬ 
tion adducts have been isolated on a number of occasions (61, 71,104,128), 
but the predominant reaction pathway which has been observed in oxythal¬ 
lation reactions is initial formation of an alkylthallium(III) derivative and 
subsequent rapid decomposition of this intermediate to give products 
derived by oxidation of the organic substrate and simultaneous reduction of 
the thallium from thallium(III) to thallium(I). The ease and rapidity with 
which these reactions occur have stimulated interest not only in the pre¬ 
paration and properties of monoalkylthallium(III) derivatives, but in 
the mechanism and stereochemistry of oxythallation, and in the develop¬ 
ment of specific synthetic organic transformations based on oxidation of 
unsaturated systems by thallium(III) salts. 
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Mercury(II), thallium(III), and lead(IV) are isoelectronic and, as can be 
seen from the data in Eqs. (19)-(22) (77) the redox potential for thallium is 
intermediate between those of mercury and lead. Consequently, the relative 
oxidizing ability of the three metal ions should be in the order Hg(II) < 


Pb 4+ +2e —Pb J+ —1.6 V (19) 

Tl 3+ + 2e — Tl + -1.25 V (20) 

2Hg J+ + 2e — Hgj J+ -0.92 V (21) 

Hg J+ + 2e — Hg° -0.85 V (22) 


Tl(III) < Pb(IV), and this conclusion has been confirmed recently with 
reference to the oxythallation of olefins (124) and the cleavage of cyclo¬ 
propanes (127). It is also predictable that oxidations of unsaturated systems 
by Tl(III) will exhibit characteristics commonly associated with analogous 
oxidations by Hg(II) and Pb(IV). There is, however, one important 
difference between Pb(IV) and Tl(III) redox reactions, namely that in the 
latter case reduction of the metal ion is believed to proceed only by a direct 
two-electron transfer mechanism (70). Thallium(II) has been detected by 
y-irradiation (10), pulse radiolysis (17, 107), and flash photolysis (144a) 
studies, but is completely unstable with respect to Tl(III) and T1(I); the rate 
constant for the process 2T1(II) -*> Tl(III) + T1(I), 2.3 x 10 9 liter mole -1 
sec -1 , is in fact close to diffusion control of the reaction (17). 

The utility of thallium(III) salts as oxidants for nonaromatic unsaturated 
systems is a consequence of the thermal and solvolytic instability of mono- 
alkylthallium(III) compounds, which in turn is apparently dependent on 
two major factors, namely, the nature of the associated anion and the 
structure of the alkyl group. Compounds in which the anion is a good 
bidentate ligand are moderately stable, for example, alkylthallium dicar- 
boxylates (74, 75) or bis dithiocarbamates (76). Alkylthallium dihalides, 
on the other hand, are extremely unstable and generally decompose instantly. 
Methylthallium diacetate, for example, can readily be prepared by the 
exchange reaction shown in Eq. (11); it is reasonably stable in the solid state, 
but decomposes slowly in solution and rapidly on being heated [Eq. (23)]. 
Treatment with chloride ion results in the immediate formation of methyl 
chloride and thallium(I) chloride [Eq. (24)] (55). These facts can be ac¬ 
commodated on the basis that the dicarboxylates are dimeric while the 


CH 3 T1(OOCCH 3 )j + HjO -» CH 3 COOCHj + CHjOH + CHjCOOH + CH 3 COOTl 

(23) 
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CH 3 Tl(OOCCH 3 ) 2 + 2C1- -* CH 3 C1 + T1C1 + 2CH 3 COO- (24) 

dihalides are most probably monomeric. There are unfortunately no data 
available as yet on the structure of the dihalides, but methylthallium 
diisobutyrate has been shown to be dimeric in chloroform solution, and 
infrared studies have indicated the presence of bridging carboxylate groups 
in the dimer (75). 

The effect of structure of the alkyl group on the stability of monoalkyl- 
thallium(III) compounds can best be understood by reference to the differ¬ 
ent mechanisms by which these compounds undergo decomposition. A 
number of authors have attributed the instability of monoalkylthallium(III) 
compounds to facile C—T1 bond heterolysis and formation of carbonium 
ions [Eq. (25)] (52, 66, 79). This explanation is, however, somewhat suspect 
in cases where primary carbonium ions would be involved and either the two- 
step sequence shown in Eqs. (26), (27), or the fully synchronous S N 2 
displacement shown in Eq. (28), is more compatible with the known facts. 
Examination of the oxythallation reactions that have been described reveals 
that Eq. (27) [or, for concerted reactions, Eq. (28)] can be elaborated, and 
that five major types of decomposition can be recognized for RT1X 2 
compounds. These are outlined in Scheme 8, where Y, the nucleophile 

RTlXj -► R + + T1X + X- (25) 


RT1X 2 -► RT1X+ + X- 


(26) 


R-Tl ^ 


X—R + T1X + X- 


(27) 

(28) 


participating in the oxythallation-dethallation sequence, may be either the 
anion associated with the thallium(III) salt or the solvent. In practice, Y 
has almost always been one of three groups, namely carboxy, hydroxy, or 
alkoxy. The reported stability of the neopentylthallium dihalides (60) can 
then be understood by reference to Scheme 8. Type 1,2, 4, and 5 decompo¬ 
sitions are effectively prohibited in neopentyl compounds. It is somewhat 
surprising that Type 3 decomposition was not observed, however, as 
rearrangement is frequently the predominant reaction pathway observed 
in solvolysis of neopentyl derivatives (145). Unlike the neopentyl case, the 
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IT—Y -► Y—C—C—Y + T1Y 


. y -Y- r* + v 1 

Y—C—C—T1 C -* —C—C—Tl—Y —► —C—C-*. — C—C— + T1Y 

Y \$7 I 


Type 3 S N 2 with rearrangement 


R R Y R 

I /Y _ Y - IpX Ol + II 

Y—C—C—Tl ^ --v y—C—C—T l—Y ► Y—C—C— + T1Y 

Y O' 


Type 4 S N i with rearrangement 


Y—C—C—Tl—Y 


V T1+ 




Type 5 S N 1 

-C—Tl C 


Y—C—C+ + T1Y 


v-c-t 


Scheme 8 
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reason for the reported stability (70) of 4-pyridiomethylthallium dichloride 
[Eq. (13)] is less obvious. 

One of the most interesting aspects of the dethallation reaction is the 
extent (if any) to which decomposition proceeds via carbonium ions (i.e. 
Type 5, Scheme 8). Generation of carbonium ions (especially of the type 
RCH 2 + ) during dethallation has been tacitly assumed by many authors; 
there is, however, little evidence to substantiate this assumption, and, bear¬ 
ing in mind that dethallation has thus far involved participation of either 
carboxy, hydroxy, or alkoxy groups (normally as RCOOH, H 2 0, or ROH), 
it is obvious that the reactions can equally well be explained on the basis of 
Type 1-4 decompositions. There is, on the other hand, qualitative evidence 
that while free carbonium ions may not normally be formed in dethallation 
reactions, the carbon atoms carrying the thallium substituent can develop 
some degree of positive charge. Thus, removal of one of the anions from an 
RT1X 2 compound would generate the cation RT1X + ; due to the high elec¬ 
tron affinity of thallium (68), it would be expected that the carbon-thallium 
bond in such species would be considerably weaker than in RT1X 2 com¬ 
pounds, and that, depending on the structure of the alkyl group, the nature 
of X, and the reaction conditions, substantial carbonium ion character 
could develop on R. 

Some justification for this conclusion can be found from a comparison of 
the rates and products observed in the oxythallation-dethallation of olefins 
with different thallium(III) salts. Oxidations of olefins by thallium(III) 
acetate are almost infinitely slow compared to those in which the nitrate, 
sulfate, perchlorate, or fluoroborate salts are employed (q.v.). Product 
distribution can also vary dramatically. Thus, oxidation of cyclohexene with 
thallium(III) acetate in acetic acid requires several days to go to completion 
at room temperature and gives the mixture of products shown in Scheme 9 
(3, 61, 83). Oxidation with thallium(III) nitrate in methanol, on the other 
hand, is complete within seconds at room temperature and gives only traces 
of glycol derivatives; cyclopentanecarboxaldehyde can be isolated (as its 
2,4-dinitrophenylhydrazone) in 85% yield (92). Similar results have been 
obtained with other olefins, and these are discussed later. Two of the most 
important reasons for the differences observed (53) in reaction rate and 
product distribution with different thallium(III) salts are the relative electro- 
philicities of the salts themselves and the extent to which the initially formed 
RT1X 2 derivatives ionize by loss of an anion. Thallium(III) nitrate, sulfate, 
perchlorate, and fluoroborate are highly ionic reagents and the rate of oxy- 
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2-3% 

Scheme 9 

thallation is predictably much faster than with the largely covalent, poorly 
electrophilic acetate salt. Furthermore, while N0 3 “, S0 4 2- , C10 4 ", and 
BF 4 “ are weakly chelating ligands, they are excellent leaving groups, and 
hence ionization as shown in Eq. (29) should be a favorable process. That is, 

RTlXj — RT1X + X- (29) 

x = no 3 -, so 4 2 -, cio 4 -, bf 4 - 

development of carbonium ion character should be pronounced in these 
decompositions. Acetate, on the other hand, is not an especially good leaving 
group but is a good bidentate ligand. Alkylthallium diacetates can thus 
derive a measure of stability via dimerization through acetate bridging; 
ionization by loss of acetate is not then particularly favorable, and hence little 
carbonium ion character would be expected during the decomposition of 
alkylthallium diacetates. 

From the above discussion it follows that the probability of carbonium 
ion formation during decomposition of RT1X 2 compounds by a Type 5 
process is low when X is carboxylate, but significantly higher when X is 
nitrate, sulfate, perchlorate, or fluoroborate. The important role played by 
the anion of the metal salt in oxymetallation has in fact been recognized only 
very recently for both oxymercuration (11,12) and oxythallation (92). The 
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vast majority of research into oxythallation published prior to 1970 was 
with respect to thallium(III) acetate, and while the results of these investi¬ 
gations have led to some understanding of the mechanism and stereochem¬ 
istry of oxythallation, few reactions of preparative significance have been 
discovered. 

The major problem encountered in the oxidation of olefins by thallium- 
(III) acetate is the formation of mixtures of products that are frequently 


O ,o 

I C * 


A A 

ATV-OOCCHj 


ch 3 

is 

? V? 

. ArCH—CHj 

-OOCCHj 



OOCCHj OOCCHj 

ArCH—CH 2 T1 (OOCCHj) 2 ArCH—CH 2 OOCCH 3 


oj 


<^-Tl—OOCCHj 

-G' 


(CH 3 COO) 2 CHCH 2 Ar 


Ar 

4-CHjOC 6 H 4 

4-CH 3 C 6 H 4 
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C 6 Hj 

4- ClC 6 H 4 
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Scheme 10 
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difficult to separate. Oxythallation of styrenes, for example, has been studied 
by several groups (27, 61,124), and the products obtained in acetic acid are 
glycol diacetates (V) and arylacetaldehyde derivatives (VI), formation of 
which can readily be explained in terms of Type 1 or 2 and Type 3 or 4 
decompositions, respectively (Scheme 10). From the synthetic organic 
chemist’s point of view, conversion of styrenes to the protected aldehydes 
(VI) is the more interesting and useful transformation. The procedure 
outlined in Scheme 10 is not, however, experimentally attractive; the 
amount of oxidative rearrangement is acceptable only when the aromatic 
substituent is a very good migrating group. The situation with respect to 
oxidation of cycloalkenes by thallium(III) acetate is similar; oxythallation 
of cyclohexene, for example, gives the mixture of products shown in 
Scheme 9. As with the styrenes, the product of synthetic interest is that 
resulting from oxidative rearrangement, namely, cyclopentanecarbox- 
aldehyde (either free or as the acetal diacetate). As a preparative procedure 
for these compounds, however, oxythallation with thallium(III) acetate is 
obviously of no significance. 

Formation of mixtures of products in these reactions can be attributed 
largely to the properties of the acetate group. The reactions of a number of 
cycloalkenes with thallium(III) salts have been investigated in some detail 
and the results obtained have served both to elucidate the stereochemistry of 
oxythallation and to underline the important role assumed by the anion of 
the metal salt in these oxidations. The most unambiguous evidence as to the 
stereochemistry of oxythallation comes from studies by Winstein on the 
oxythallation of norbornene (VII) and norbornadiene (VIII) with thal- 
lium(III) acetate in chloroform, in which the adducts (IX) and (X) could be 
precipitated from the reaction mixture by addition of pentane (128) (Scheme 
11). Both by chemical means and by analogy with the oxymercuration 

+ Tl(OOCCHj), 

(VII) (IX) 



JV^OOCCHa 

A^/tI(OOCCH 3 ) 2 



+ TKOOCCHjb 


Av/OOCCHj 

/^/tI(OOCCH 3 ) 2 

(X) 


(VIII) 


Scheme 11 
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adducts derived from (VII) and (VIII), Winstein concluded that oxythalla- 
tion proceeded via cis-exo addition of the reagent. This conclusion was 
subsequently confirmed by Anet (4) in an elegant application of the nuclear 
Overhauser effect to analyses of the NMR spectra of (IX) and (X). Since 
oxymercuration of strained olefins such as (VII) and (VIII) is known to take 
place in a stereospecifically cis manner and oxymercuration of unstrained 
olefins such as cyclohexene known to occur in a stereospecifically trans 
fashion (66, 159), it was concluded that the stereochemical course of oxy- 
thallation was similar to that of oxymercuration. 

The same conclusion was drawn from the results obtained from careful 
studies of the stereochemistry of the glycol products formed on oxidation 
of cyclohexene with thallium(III) acetate (3, 83). When dry acetic acid was 
employed as solvent the product was mainly the trans -diacetate (XI); 
in moist acetic acid, however, the mixture of glycol mono- (XII) and 
diacetates (XIII) which was obtained was mainly cis. These results have 
been interpreted in terms of initial trans oxythallation, ring inversion, 



TKOOCCHjh 


(XIV) 
Scheme 12 


(XV) 
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intramolecular participation of the acetoxy group in C—T1 bond heterolysis, 
and formation of the acetoxonium ion (XV) (Scheme 12). This is a reasonable 
explanation for the experimental observations, as the stereochemistry of the 
products obtained on solvolysis of tetramethylene-l,3-dioxolenium salts 
similar to (XV) is also known to undergo reversal when water is added to the 
solvolysis medium (170). 

Acetoxonium ion formation has also been postulated to occur during 
oxidation of substituted cyclopropanes with thallium(III) acetate. These 
reactions are believed to proceed via the intermediacy of alkylthallium 
diacetates, and generally result in formation of complex mixtures of products. 
Oxidation of norcarane with thallium(III) acetate, for example, gives pro¬ 
ducts derived from cleavage of both the internal and external cyclopropane 
bonds (Scheme 13) and production of trans-l,3-diacetoxycycloheptane 
(XVII) has been explained (125) on the basis of acetoxonium ion formation 
during solvolysis of the alkylthallium(III) derivative (XVI). Analogous 



CC 


oocch 3 

OOCCHj 


91% 



a OOCCHj 

3% 





results have been obtained with a variety of mono- and bicyclic cyclo¬ 
propanes (126, 127, 140, 143, 144), and while these reactions are of con¬ 
siderable mechanistic importance, they are of little synthetic utility. 

In the case of the cyclohexene adduct (XIV), the most favorable confor¬ 
mation should be that in which the bulky thallium substituent is equatorial; 
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hence ring contraction is the preferred pathway for the adduct (XIV) (83). 
Ring contraction would, of course, also be the preferred pathway if the 
initial oxythallation has taken place by cis rather than trans addition of the 
reagent, and the results available for cyclohexene do not omit the possibility 
that oxythallation may proceed partially or even largely by cis addition. 
Almost completely stereospecific trans addition has, however, been ele¬ 
gantly demonstrated by Freppel et al. (38). Thus, treatment of the con- 
formationally rigid olefin (XVIII), with aqueous thallium(III) sulfate led to 
formation of the diols (XXII) and (XXVI) (Scheme 14) and the relative pro¬ 
portion of each can readily be explained. Reaction of the olefin with Tl 3+ 
occurs, as expected, on the less-hindered, upper side of the molecule (with 
respect to the tert -butyl group) to give the thallinium ion (XIX). Reaction 
of this species with water at C-2 is effectively blocked due to the tert -butyl 
group at C-l; reaction therefore occurs at C-3 to give, exclusively, the 



(XXIII) (XXIV) (XXII) 



(XXV) 


Scheme 14 


(XXVI) 
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trans adduct (XX). Displacement of the thallium substituent by a Type 1 
process is unfavorable because of the ter<-butyl group, and hence Type 2 
reaction takes place. This probably leads to the epoxide (XXI) which under¬ 
goes acid-catalyzed ring opening to give the diol (XXII); in this case addition 
of the nucleophile takes place on the less sterically hindered, upper side of 
the molecule and gives exclusively the diol (XXII). Reaction via the cis- 
thallinium ion (XXIII) can be explained similarly, although in this instance 
two oxythallation adducts (XXIV) and (XXV) can be formed. 




OOCCH 3 OOCCHj 

(XXXI) (XXXII) (XXXIII) 


Scheme 15 



Recent Ad\ 


in Organothallium Chemistry 


Oxidation of the steroidal olefin (XXVII) with thallium(III) acetate gives 
mainly the allylic acetates (XXXI)-(XXXIII) (Scheme 15), again indicating 
that trans oxythallation is the preferred reaction course (19). Addition of the 
electrophile takes place from the less-hindered a-side of the molecule to give 
the thallinium ion (XXVIII), which by loss of a proton from C-4 would 
give the alkylthallium diacetate (XXIX). Decomposition of this inter¬ 
mediate by a Type 5 process is probably favorable, as it leads to the 
resonance-stabilized allylic carbonium ion (XXX), from which the observed 
products can be derived. Evidence in support of the decomposition process 
shown in Scheme 15 has been obtained from a study of the exchange reaction 
between /rawr-crotylmercuric acetate and thallium(III) acetate in acetic 
acid (Scheme 16) (142). 



CHjCH=CHCH 2 OOCCH 3 
Scheme 16 


CH 3 CHCH=CH 2 


OOCCH 3 


From the evidence currently available it appears that the mechanism of 
oxythallation is similar to that of oxymercuration. That is, initial rapid 
formation of a 7r-complex—a “thallinium” ion—followed by rearrangement 
of this species to give a a-bonded organothallium derivative (54). Decom¬ 
position of this latter intermediate by one or more of the processes shown in 
Scheme 8 then leads to products. The results obtained from a number of 
kinetic studies are in broad general agreement with this interpretation 
(52, 79). 

From the above discussion it is evident that adaptation of oxythallation 
to the development of useful synthetic transformations rests largely on the 
degree of control which can be exerted on the decomposition pathway of the 
intermediate RT1X 2 derivative. The results obtained by Freppel et al., for 
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example, clearly indicate that in certain rigid cycloalkenes the decomposition 
of monoalkylthallium(III) intermediates is almost entirely limited to a Type 
2 process. Control over product distribution in this work was due to stereo¬ 
chemical factors, but recent results by Kruse and Bednarski (71) have 
demonstrated that predominant Type 2 reaction can be achieved by careful 
control of reaction conditions. Oxidation of ethylene, propylene, and the 
four isomeric butenes with aqueous Tl 3 + ion was studied originally by Henry 
(53, 54), and the results obtained are listed in Table VII. The distribution 

TABLE VII 


Products from Oxidation of Simple Olefins with Tl 3+ /Aq. 


Olefin 

Carbonyl product 

% Carbonyl 

% Glycol 

Ethylene 

Acetaldehyde 

45 

55 

Propylene 

Acetone 

75-85 

15-25 

1-Butene 

Methyl ethyl ketone 

45-55 

15-25 

c»-2-Butene 

Methyl ethyl ketone 

65-80 

<0.5 

trom-2-Butene 

Methyl ethyl ketone 

65-80 

<0.5 

Isobutene 

Methyl ethyl ketone + 

35-45 

55-65 


isobutyraldehyde 




of products between carbonyl and glycol derivatives was interpreted by 
Henry as being indicative of the relative importance of hydride or alkyl 
shift to direct solvolysis of the thallium substituent. As pointed out by Kruse 
and Bednarski, however, isobutyraldehyde can only arise from isobutene 
via intramolecular participation of the OH group during C—Tl bond hetero¬ 
lysis (i.e., Type 2 process, Scheme 17), and formation of an epoxide. This 
hypothesis was substantiated by the simple expedient of conducting the 
oxidation in weakly solvating media. Thus, oxidation of propylene with 
thallium(III) acetate in 50% v/v aqueous acetic acid gave a 1:1 mixture of 
propylene oxide and acetone. In the less polar medium 70% v/v tetrahydro- 
furan, 20% water, and 10% acetic acid, propylene oxide was obtained in 
72% yield, together with 16% acetone and 12% l-acetoxy-2-propanol. 
Using the same solvent system, oxidation of isobutene gave an epoxide-to- 
aldehyde ratio of 25:1. These results are particularly striking with respect 
to propylene; in polar, strongly solvating media, acetone is the major pro¬ 
duct (75-85%). In weakly solvating media, however, only 16% acetone is 
obtained. Furthermore, Kruse and Bednarski showed that epoxides served 
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as precursors only to glycol derivatives under the reaction conditions. 
Consequently, by appropriate control of solvent, oxythallation can be used 
for the conversion of olefins into either carbonyl or glycol derivatives, or 
into epoxides. 

While the above examples demonstrate that product control to a signifi¬ 
cant extent is possible in oxythallation by careful choice of substrate or 
reaction conditions, the synthetic utility of oxythallation has been illustrated 
most convincingly by the results obtained with highly ionic thallium(III) 
salts, especially the nitrate (hereafter abbreviated TTN). Unlike the sulfate, 
perchlorate, or fluoroborate salts (165), TTN can easily be obtained as the 
stable, crystalline trihydrate which is soluble in alcohols, carboxylic acids, 
ethers such as dimethoxyethane (glyme), and dilute mineral acids. Oxida¬ 
tions by TTN can therefore be carried out under a wide variety of experi¬ 
mental conditions. 

Examination of the reactions of a wide variety of olefins with TTN in 
methanol (92) has revealed that in the majority of cases oxidative rearrange¬ 
ment is the predominant reaction course (cf. cyclohexene, Scheme 9). 
Further examples are shown in Scheme 18, and the scope and limitations of 
this procedure for the oxidative rearrangement of various classes of simple 
olefins to aldehydes and ketones have been defined. From the experimental 
point of view these reactions are extremely simple, and most of them are 
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complete within seconds at room temperature. Furthermore, while TTN 
is freely soluble in many solvents, its reduction product thallium(I) nitrate 
is insoluble, and hence reactions can be monitored visually. The utility of 
highly ionic reagents in these reactions has also been shown by Halpern 
et al. (15), who obtained cyclopropyl methyl ketone in virtually quantitative 
yield on treatment of 1-methylcyclobutene with thallium(III) perchlorate, 
and by Frye (165), who studied the oxidative rearrangement of various olefins 
with thallium(III) sulfate, nitrate, and fluoroborate (Scheme 19). 

_.CH 3 O 

□ [X 7 
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100 % 
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CH 3 (CH 2 ) 3 CH=CH 2 t !» (SO «>U CH 3 (CH 2 ) 3 COCHj 
57% 

Scheme 19 
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The reactions of TTN with a variety of unsaturated systems have been 
studied systematically during the last two years, and the results obtained 
clearly establish the synthetic utility of the reagent as a specific oxidant. 
Attempts were made in 1966 by Uemura et al. (162) to oxidize a,/5-unsatur- 
ated carbonyl compounds withthallium(III) acetate, but were unsuccessful. 
In 1970, however, Ollis and his co-workers (121-123) reported that pro¬ 
longed treatment of highly activated chalcones (Scheme 20) with thal- 



o 

Scheme 20 


OCH 3 


lium(II I) acetate resulted in oxidative rearrangement similar to that observed 
with simple olefins and formation of dimethyl acetals of the type (XXXIV). 
When suitably substituted chalcones were used as starting material (e.g.. 
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Scheme 20), these acetals could readily be converted into isoflavones. Un¬ 
fortunately, very low yields of rearrangement products were obtained using 
thallium(III) acetate, and separation and purification of acetals such as 
(XXXIV) was extremely tedious. Reaction of chalcones with TTN, on the 
other hand, is generally complete within a few hours at room temperature 
(95), and Farkas et al. (118) have developed the Ollis procedure into a simple 
method for the preparation of isoflavones (Scheme 21). 






Scheme 21 
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Oxidation of chalcones with TTN has been studied in detail (95, 96), 
and it has been shown that the products obtained depend on the amount of 
reagent and the solvent employed. Oxidation with 1 equivalent of TTN in 
methanol, methanol-chloroform, or methanol-boron trifluoride leads to 
acetals of the type (XXXIV) (see also Scheme 21) in yields of 20-80%. When 
3 equivalents of TTN are employed, however, and aqueous glyme containing 
a little perchloric acid used as solvent, the products are benzils. This 
remarkable transformation, which proceeds in yields varying from moderate 
to good (40-80%), involves three distinct oxidations by TTN, and these are 
outlined in Scheme 22. Each individual step in this reaction sequence has 
been investigated in detail, with the result that useful procedures have been 
developed for the oxidation of both deoxybenzoins and benzoins to benzils 
with TTN (96). 


£, /OH 

Ar—CH—C—Ar 
^—:OH 


Ar—CH—C—Ar' 


ArC=CAr' 

I I 

OH OH 


The reactions of acetylenes with thallium(III) salts are of considerable 
interest in that the results can be used in a qualitative comparison of react¬ 
ivity between thallium(III) and mercury(II). Mercury(II) salt-catalyzed 
hydration of the CsC bond is a much studied and synthetically very useful 
process, although the detailed mechanism of the reaction is not known. The 
only published data available on the reactions of acetylenes with thallium- 
(III) salts are due to Uemura et al. (161), who employed thallium(III) 
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acetate and chloride as reagents. Uemura claimed that phenylacetylene 
could be converted into acetophenone in yields as high as 84% by treatment 
with thallium(III) acetate or chloride in acetic acid at 60°-l 10° C. This claim 
is, however, almost certainly specious. The reaction conditions used by the 
Japanese workers are incompatible with the known properties of the 
thallium reagents employed. Thallium(III) chloride is known to be therm¬ 
ally unstable with respect to thallium(I) chloride and chlorine at tempera¬ 
tures in excess of 40° C (141), while thallium(III) acetate has been shown to 
oxidize hot acetic acid rapidly and quantitatively to give thallium(I) 
acetoxyacetate (148). Moreover, hydration of phenylacetylene is known to 
occur particularly easily; it can be effected by superheated steam (31) and 
takes place readily at room temperature in the presence of strong acids 
(8,119). Consequently, it is more than likely that Uemura and his colleagues 
were merely observing the acid-catalyzed hydration of phenylacetylene, 
and that the inorganic salts were not participating to any significant extent 
in the hydration process. 


ArC=CAr' 

N°j 

H, °*7 \Vi-4nOj 

ArC—CH 
II Ar' 

O 

(XXXVI) 

ArC=CAr' 

I I 

HO OH 


NOj 

^Tl—NOj 


O OH 
(XXXVII) 

ArC ==CAr' 

I*. u*T 

<0jv° 


Ar nr 


o o 


(XXXVIII) 
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These conclusions were supported by the results obtained in a study of the 
reactions of various types of acetylenes with TTN (94). Hydration of the 
C=C bond was found to occur to a very minor extent, if at all, with almost 
all of the compounds studied, and the nature of the products formed was 
dependent on the structure of the acetylene and the solvent employed. 
Oxidation of diarylacetylenes with two equivalents of TTN in either 
aqueous acidic glyme or methanol as solvent resulted in smooth high yield 
conversion into the corresponding benzils (Scheme 23). The mechanism of 
this oxidation in aqueous medium most probably involves oxythallation of 
the acetylene, ketonization of the initially formed adduct (XXXV) to give 
the monoalkylthallium(III) derivative (XXXVI), and conversion of this 
intermediate into a benzoin (XXXVII) by a Type 1 process. Oxidation of 
(XXXVII) to the benzil (XXXVIII) by the second equivalent of reagent 
would then proceed in exactly the same manner as described for the 
oxidation of chalcones, deoxybenzoins, and benzoins to benzils by TTN. 
The mechanism of oxidation in methanol solution is somewhat more com¬ 
plex and has not yet been fully elucidated. 

Treatment of dialkylacetylenes with 1 equivalent of TTN in aqueous 
acidic glyme resulted in formation of acyloins in high yield [Eq. (30)]; the 
suggested mechanism of this transformation, shown in Scheme 24, is 
O OH 

H t0 + II I 

RC=CR + TTN H ’° > RC—CHR (30) 


identical to that postulated for the diarylacetylenes with respect to the 
oxythallation-dethallation sequence. Unlike benzoins, however, acyloins 
show little tendency to enolize to give enediols, and hence oxidation of 
acyloins to a-diketones takes place only very slowly. Monoalkylacetylenes 


RC=CR 


h 2 o 




RC—CHR 

II/I 

OCrTl —NO 3 

^no 3 


-R 

Tl—NOj 

I 

NOj 


RC—CHR 

II I 

O OH 


Scheme 24 
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were found to react exothermically with TTN; 2 equivalents of oxidant were 
required for completion of reaction, and the products obtained were 
formaldehyde and carboxylic acids containing one carbon atom less than 
the starting acetylene [Eq. (31)]. In these cases, oxythallation-dethallation 
leads to an a-keto primary alcohol, and independent experiments with 
HjO + 

RC==CH + 2TTN -* RCOOH + CH 2 0 (31) 

70-95% 

compounds containing this functional group have established that they are 
rapidly degraded by TTN as shown in Scheme 25. Finally, oxidation of 


NO, 

I /^t 

RC—CH 2 —Tl—NO, 

II 4 l* 


T 


R—C—C H 2 —O-r-Tl—N0 3 


rcch 2 oti—no 3 

rh 

h 2 o 


-► RCOOH + CH 2 0 

Scheme 25 


alkylarylacetylenes with TTN in aqueous acidic media gave complex mix¬ 
tures of products; in methanol, however, smooth oxidative rearrangement 
was observed, and methyl a-alkylarylacetates were produced in excellent 
yield. The mechanism shown in Scheme 26 has been suggested for this 
rearrangement (94). 

ArC^CR + TTN C - 3 ° -—► 

CH 3 0 ^ Tl—N0 3 

CH 3 OH NOj 

(CH 3 0) 2 0=C —— ► CHjOOCCHC^ 


Scheme 26 
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Oxidation of aldehydes and ketones with thallium(III) salts has been 
little investigated as yet; from the results available, however, it is evident 
that, as was found with olefins and acetylenes, the nature of the products 
obtained is largely dependent on the thallium(III) salt employed. Oxida¬ 
tions with thallium(III) carboxylates have been reported to give a variety 
of products, generally in very low yield. Thus, it has been claimed that 
treatment of acetaldehyde with thallium(III) salts gives glycollic aldehyde 
(58), but no experimental details of this work are available as yet. Treatment 
of acetophenone with thallium(III) isobutyrate is reported to give phenacyl- 
idene-thallium tetraisobutyrate (49) [Eq. (32)]; reaction of both aliphatic 
and alicyclic ketones with thallium(III) acetate in acetic acid at elevated 
C 6 H,COCH 3 + T1(OOCCH(CH 3 )j) 3 — C 6 H 5 COCH[T1(OOCCH(CH 3 )j)j] 2 (32) 

temperatures, on the other hand, results in a-acetoxylation [Eq. (33)] and 
diacetoxylation [Eq. (34)] (6, 163). 


RCOCHj 

ti(oocch 3 ) 3> rcocHjOOCCH, 

(33) 

CHsCOOH 

RCOCHj 

-► RCOCH(OOCCHj) 2 

(34) 

Littler has studied the 

oxidation of cyclohexanone with 

lead(IV), 


thallium(III), and mercury(II) salts (84), and found that, with all three 
reagents the rates of oxidation are independent of the concentration of 
oxidant. Oxidation by thallium(III) and mercury(II) in 35% aqueous 
perchloric acid showed first-order dependence on [H + ], and Littler suggested 
that the results were best interpreted in terms of the reaction sequence 
shown in Scheme 27. The major product of thallium(III) oxidation of 


O OH OH O 



Scheme 27 
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cyclohexanone was thought to be cyclohexane- 1,2-dione, which was pre¬ 
sumed to arise via oxidation of 2-hydroxycyclohexanone (XXXIX). Oxi¬ 
dation of acyloins to a-diketones by thallium(III) is now known to occur 
very slowly, however (see above) and Littler’s interpretation of the overall 
reaction is most probably incorrect in some of the latter details. 

Wiberg and Koch (167) also disagreed with Littler’s results, and found 
that the major product (75%) obtained on treatment of cyclohexanone with 
aqueous thallium(III) perchlorate was cyclopentanecarboxylic acid (XL). 
2-Hydroxycyclohexanone was isolated in only 3% yield; unchanged starting 
material accounted for the remainder of the product. Wiberg and Koch 
were unable to detect any cyclohexane-1,2-dione in the product mixture, 
but did prove that 2-hydroxycyclohexanone did not function as the pre¬ 
cursor to the ring-contracted acid. From the results obtained from a study 
of the oxidation of 2,2,6,6-<f 4 -cyclohexanone, the mechanism shown in 
Scheme 28 was postulated to account for ring contraction. 


/ 

COOH 

6 

(XL) 

Subsequent reinvestigation of this problem using TTN in acetic acid as 
oxidant (93) has revealed that both Littler, and Wiberg and Koch, were 
partially correct, although the mechanism suggested by the latter authors 
for the ring contraction is certainly wrong. Addition of 1 equivalent of 
TTN to a solution of an equimolar amount of cyclohexanone in acetic acid 
results in almost instantaneous separation of 1 equivalent of thallium(I) 
nitrate. The nature of the oxidation product which is isolated after removal 
of the inorganic salt has, however, been shown to depend on the isolation 
technique. Thus, neutralization of the acidic medium with bicarbonate 



9 OH O | 

6 - 6 - 6 ": 
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followed by standard solvent extraction gives exclusively 2-hydroxycyclo- 
hexanone (XXXIX). Cyclopentanecarboxylic acid (XL), on the other hand, 
is obtained exclusively if the acidic reaction mixture is gently warmed 
(Scheme 29). Each product is uncontaminated by the other, and neither 




can be derived from an organothallium intermediate, as all of the original 
thallium is removed as thallium(I) nitrate prior to isolation of the products. 
Furthermore, it was shown that each product is derived from a common 
precursor. Thus, oxidation as above and removal of thallium(I) nitrate gave 
an acetic acid solution which was divided into two equal portions. One of 
these was treated with aqueous bicarbonate and gave 2-hydroxycyclohexa- 
none. The other was heated for a few minutes and gave cyclopentanecar¬ 
boxylic acid. These results have been explained in terms of the reactions 
shown in Scheme 30; that is, the epoxyenol (XLI) serves as the common 



(XXXIX) 





Scheme 30 
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precursor to both (XXXIX) and (XL). The mechanism shown in Scheme 
30 is, moreover, consistent with the observations that none of the esters 
(XLII)-(XLIV) is the immediate precursor. Plausible mechanisms can be 
postulated both for formation of these intermediates (Scheme 31) and for 



(XLIV) 

Scheme 31 


their subsequent conversion into (XXXIX) and (XL). Each of the esters 
(XLII)-(XLIV) was prepared independently and subjected to the isolation 
procedures used in the oxidation reaction. Both (XLII) and (XLIV) were 
recovered virtually unchanged from aqueous sodium bicarbonate solution 
and hot acetic acid. Treatment of (XLIII) with aqueous sodium bicarbonate 
solution resulted in quantitative hydrolysis to (XXXIX), but all attempts to 
induce ring contraction of (XLIII) to (XL) were unsuccessful. 

One of the most interesting features of the above discussion is that the 
experimental observations can be readily explained on the basis of oxythal- 
lation of the enolic C=C bond (Scheme 30), but not by a process involving 
formation of an O—T1 bond (Scheme 31). Facile ligand exchange of the 
type shown in Eq. (35) has been observed with alcohols, phenols, carboxylic 
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acids, and oximes; with simple ends, however, oxythallation is apparently 
ROH + TlXj -» ROT1X, + X~H + (35) 

the more rapid reaction. Supporting evidence for this conclusion has been 
obtained from a study of the oxidation of acetophenones with TTN in 
acidic methanol (97). Treatment of a variety of acetophenones with TTN 
in acidic methanol at room temperature resulted in smooth oxidative re¬ 
arrangement and formation of methyl arylacetates in yields varying from 
moderate to excellent (45-90%). This simple procedure in fact constitutes 
the method of choice in many cases for the preparation of this important 
class of synthetic intermediates. The mechanism proposed for this rearrange¬ 
ment is shown in Scheme 32 (cf. the Wiberg-Koch mechanism shown in 
Scheme 28), and isotopic labeling techniques have been employed to prove 
that reaction proceeds via 1,2-aryl migration. As in the oxidation of styrenes 
by thallium(III) salts (Scheme 10), both the rate of oxidation of aceto¬ 
phenones and the extent to which rearrangement occurs to give methyl 

ArCOCH 3 ArC=CH 2 H-^C—CH 2 -* CH 3 OOCCH 2 Ar 

o H ch 3 o x £ti-no 3 

^no 3 

Scheme 32 

arylacetates are dependent to a major extent on the relative migratory apti¬ 
tudes of the aromatic substituents. This synthesis is thus most useful when 
the aromatic substituent contains electron-donating substituents. 

Enolized carbonyl compounds can be regarded as belonging to the general 
class of olefins 


where X = O, S, N, halogen, etc. The reactions of such olefins with thal- 
lium(III) salts have not yet been investigated systematically, and from the 
evidence available there is no clear pattern of reactivity. Uemura et al. 
studied the reactions of vinyl acetate with thallium(III) acetate (162). The 
products obtained, mostly in low yields, varied with reaction conditions 
(Scheme 33), and these oxidations are of little preparative significance. 
Oxidation of enamines with thallium(III) acetate under carefully controlled 
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CH 3 COOCH=CH 2 + T1(OOCCHj)j 

HC10 4 


CH3COOCH2CHO 

47.5% 


(C 2 H 5 0) 2 CHCH 2 0C 2 Hj + 

9.2% 

( C 2 HjO) 2 CHCH 2 OOCCH 3 
21% 

Scheme 33 


conditions has, however, been shown to lead to good yields of a-acetoxy- 
ketones (72) (Scheme 34). 



Scheme 34 


The recently reported (157) conversion of 5-pyrazolones directly to 
a,/3-acetylenic esters by treatment with TTN in methanol appears to be an 
example of thallation of a heterocyclic enamine; the suggested mechanism 
involves initial electrophilic thallation of the 3-pyrazolin-5-one tautomer of 
the 5-pyrazolone to give an intermediate organothallium compound which 
undergoes a subsequent oxidation by a second equivalent of TTN to give a 
diazacyclopentadienone. Solvolysis by methanol, with concomitant elimina¬ 
tion of nitrogen and thallium(I), yields the a,/9-acetylenic ester in excellent 
(78-95%) yield (Scheme 35). Since 5-pyrazolones may be prepared in 
quantitative yield by the reaction of j3-keto esters with hydrazine (168), this 
conversion represents in a formal sense the dehydration of /3-keto esters. In 
fact, the direct conversion of /3-keto esters to a,/3-acetylenic esters without 
isolation of the intermediate 5-pyrazolones can be achieved by treatment in 
methanol solution first with hydrazine and then with TTN. 
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ester. The ready availability of alkylated /?-keto esters (151) and their facile 
conversion to pyrazolones (168) make this route to allenes particularly 
appealing. 
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I 

INTRODUCTION 

When, in 1934, Szilard and Chalmers bombarded ethyl iodide with 
neutrons (86) they were searching for a sensitive method for detecting neu¬ 
trons. The neutron capture gave rise to a radioactive isotope of iodine ( 128 I), 
largely as inorganic iodine, without there having been detectable bulk 
decomposition of the ethyl iodide. It seemed that the nuclear reaction had 
broken the carbon-iodine bond and selectively released the radioactive 
isotope. This so-called “Szilard-Chalmers” reaction was subsequently 
observed in many other nuclear reactions, and gave rise to numerous studies 
on enrichment of radioisotopes: permanganates, chromates, iodates, alkyl 
halides, metal phthalocyanines, many coordination compounds of cobalt, and 
other compounds have been extensively investigated during the period from 
1935 to the present. Organometallic compounds were less frequently studied, 
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although the chemical effects of the /3-decay of 2l0 Pb(CH 3 ) 4 were observed 
(59) as early as 1934. The first serious investigation of radiochemical reac¬ 
tions in a metal-carbon-bonded compound was Maddock and Sutin’s study 
of triphenylarsine (56) published in 1955. Since that time a wide variety of 
organometallic compounds have been studied: alkyl and aryl metals, simple 
and polymeric metal carbonyls, cyclopentadienyl metals, 7r-ring metal 
carbonyls, and others. The most interesting facet of these studies is perhaps 
the variety of radioactive metalorganic compounds produced other than 
the target compound, some of them previously unknown. 

Several reviews' have been published of various aspects of “recoil” 
chemistry, “hot atom” chemistry, and “the chemical effects of nuclear 
transformations.” In large measure, these have ignored the work on organo¬ 
metallic compounds, perhaps because these compounds cannot readily be 
classified along with the other types of compounds which make up the 
overwhelming bulk of this work: either the ionic compounds, the organic 
halides, or the l4 C and "C compounds. The present review is written prim¬ 
arily to bring to the attention of organometal chemists an area of their field 
which has hitherto been studied mostly by radiochemists, both in the hope 
that some of the methods developed by the radiochemists may be of wider 
use and with the recognition that the organometal chemists may more 
easily see solutions to problems for which the radiochemist’s experience is 
insufficient. This review will thus give a brief description of the physical 
aspects of the nuclear reaction and subsequent atomic processes which 
occur in times too short to constitute conventional chemistry. Although the 
experiments are conceptually simple, they are not widely known and deserve 
clarification, if not detailed analysis. A short summary of interesting work 
of historical or practical significance will precede the main section, which 
will describe studies leading either to understanding of the phenomena 
occurring or at least to important questions. 


II 

CHEMICAL EFFECTS OF NUCLEAR TRANSFORMATIONS 

A. Physical Aspects 

Since most of the work to be described has been carried out with neutron 
irradiations, and since the physical phenomena accompanying neutron 
1 See General Bibliography. 
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capture typify the whole range of such physical effects, the process of neutron 
capture will be used to describe the physical aspects of our topic. Where 
differences arise from other nuclear processes, or where other reactions 
emphasize one aspect or another, this will be especially described in the 
appropriate section. 

1. Neutron Capture and Decay Schemes 

When a nucleus is placed in a flux of neutrons, it may capture another 
neutron. It thus is often unstable toward further decay by ^“-emission. The 
induced radioactivity is critical to the study of chemical consequences of 
neutron capture, since so few of these new nuclei are produced that generally 
they cannot be observed by any other means. This radioactivity is not, 
however, a part of the phenomenon which we wish to observe and, more¬ 
over, is occasionally a distraction. 

The energy balance in neutron capture is easily accounted for by use of the 
law of conservation of mass-energy. Where a nucleus A N captures a neutron 
to become A+1 N, we have the reaction energy, Q, given by 

[M( A N) + M(n)]-M( A+l N) = 0 (1) 

For neutron capture in 55 Mn, for example, we have 

[M( 55 Mn) + M(n)] - M( 56 Mn) = 7.27 MeV = 1.67 x 10 8 kcal mole- 1 

Q values for neutron capture reactions are typically between 6 and 8 MeV. 
That the Q of the reaction has such a large positive value indicates that the 
56 Mn is initially produced with its nucleus in a highly excited state, and that 
this energy must be dissipated, largely through radiative transitions. It is 
usually convenient to speak as though the energy were given off in a single 
y-ray of 7.27 MeV, and one uses the notation (n,y) to signify radiative 
neutron capture. While this is in part true, the real situation is complicated 
by the fact that a large number of nuclear energy levels lie between the initial 
excited state and the ground state. These intermediate states usually have 
lifetimes between 10 -16 and 10~ 14 second, although if the spin change is 
large and the energy small, the lifetime can be much longer. Thus, a wide 
variety of deexcitation routes are possible, giving rise to capture y-decay 
schemes ( 3 ) such as the one portrayed in Fig. 1. It is important to note that 
despite the large amount of work done on these deexcitation schemes, the 
complete decay paths are known for only a fraction of the decays. Thus in 
the case given, a fairly clear picture can be given for the dissipation of some 
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Fig. 1. Some representative y-cascades from the observed neutron capture y-spectrum 
of “Mn, From Bartholomew et al. (3). 


60-70% of the energy, the rest being either as yet unobserved or not yet 
fitted into the decay scheme. 

A further complicating factor is that many low-energy y-transitions are 
converted, that is, their energy is released through the expulsion of one or 
more atomic electrons. This gives rise to the Auger cascade, which will be 
described below. 


2. Recoil from y-Emission 

When a single y-ray of known energy is emitted, the recoil energy given 
to the atom is calculated from the conservation of energy and momentum. 
The result is 


( 2 ) 
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where E R is in electron volts if E y is expressed in million electron volts, and 
M in atomic mass units. Again using 55 Mn as our example 

£„( !6 Mn) = 536 (7.27) 2 /56 = 506 eV 

This recoil energy is so large compared to chemical energies that there 
seems to be no question about the atom’s breaking loose from its bonds and 
travelling a considerable distance before coming to rest. The effect observed 
by Szilard and Chalmers is thus readily explained. 

When a less simple nuclear deexcitation route is followed, the situation 
gets very complex. While in principle one must be able to add the momenta 
of all the y-rays and calculate the resultant recoil momentum, in practice 
this cannot be done for enough events to make the calculation worthwhile. 
The two greatest contributing problems are that the angular correlation of 
the y-rays is seldom known, and that the lifetimes of individual states may 
often be long enough that momentum may be lost to the surrounding med¬ 
ium even during the course of deexcitation. 

Attempts have been made to calculate the recoil energy spectrum using 
an assumed statistical distribution of y-energies and direction. Notably, 
Hsiung et al. (39) have done this calculation for 36 C1 produced by CC1 4 
(n,y). While the results of the calculation were in reasonble agreement with 
experimental data, the complexity of the necessary assumptions makes the 
agreement seem perhaps fortuitous. 

Experimental determination of the recoil energy spectrum from neutron 
capture has not been reported. 

3. Internal Conversion and Auger Ionization 

Internal conversion of y-transitions—the emission of a K or L electron 
instead of a y-ray—occurs as a competitive deexcitation mode, especially 
when the transition energy is low and the angular momentum change is 
high, so that y-emission is forbidden. It is also more probable for atoms of 
higher atomic numbers, in which the atomic and nuclear wave functions 
have a greater overlap. The result is that although this process does not 
compete favourably with emission of higher energy y-rays, it is a probable 
mode of decay in the multiple low-energy cascades. It may, moreover, 
follow a higher energy y-ray which leads to a low-lying excited state. Several 
of these deexcitation routes are easily discernible in Fig. 1. 

It is evident that, since primarily only low-energy transitions are con¬ 
verted, the ultimate recoil energy will not be much affected whether a given 
transition is converted or not. The effect is felt in another way, however, 
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in that the low-lying electron vacancy gives rise to a cascade of X-ray or 
of Auger transitions. 

The Auger effect is analogous to the internal conversion in that an atomic 
electron is emitted instead of the expected X-ray. Very little is well known 
about Auger yields in these transitions out beyond the K shell, and a more 
detailed discussion is outside the scope of this review. 

It is very important that, at least in the gas phase, the ultimate result of an 
Auger cascade is rather extensive ionization of the atom or molecule 
concerned. A number of studies by Wexler and his colleagues and by Carlson 
and White have shown that single atoms may be left with a positive charge 
of up to 15 or more (89), while molecules may be atomized. The best example 
of this latter is the work (18) on Pb(CH 3 ) 4 in which an L vacancy was induced 
into the lead atom by X-ray irradiation. The resultant charged fragments 
were almost exclusively singly-charged atoms, and accounted for a total of 
17 electrons emitted. These data are given in part in Table I. It is also signifi¬ 
cant that the lead atom was left with virtually zero kinetic energy, showing 
that the Coulomb explosion was centrosymmetric. A study of Auger 
effects in atomic manganese vapour (1) shows ions of >+4 to be less than 1 % 
abundant, following single ionization in the L shell. 

In the condensed state, unfortunately, practically nothing is known about 
the consequences of the Auger effect, although there is reason to believe 
that charge neutralization by electron transfer between neighboring 

TABLE I 

Relative Abundances and Energies of 
Ions Produced by the Coulomb 
Explosion of Pb(CHj) 4 “ 


Ion 

Relative 

abundance 

Energy 

(eV) 

Pb + 

0.49 

<0.05 

Pb 3 + 

0.20 

— 

Pb 3 + 

0.10 

— 

2 Pb " + 

1.00 

— 

c + 

1.9 

13 

C 3+ 

1.6 

— 

c 3+ 

0.22 

— 

H + 

10.4 

29 


“ Data from Carlson and White {18). 
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molecules is very fast. However, despite much speculation and some in¬ 
direct evidence, it is still unknown whether or not the molecules are des¬ 
troyed by Coulomb effects before the charge can be neutrallized. There is 
need for a good deal of fundamental work on this question. 

4. Anticipated Chemical Effects 

From these various processes, one can separate at least three simple 
prototype pathways whereby the compound nucleus may get rid of its 
several million electron volts which constitute the neutron binding energy. 
These should encompass essentially all other possibilities, as far as chemical 



Fig. 2. Schematic representation of the types of y-cascade, showing the origins of (i) pure 
recoil, (ii) recoil followed by Auger ionization, and (iii) Auger ionization with little or no 


consequences are concerned. These deexcitation pathways, shown schemat¬ 
ically in Fig. 2, are as follows: 

(i) Emission of one y-ray with the total energy, or of a small number of 
high-energy y-rays, such that considerable recoil energy results. 

(ii) Emission of one or more higher energy y-rays followed by a con¬ 
verted low-energy transition. 

(iii) Emission of a larger number of y-rays, of lower energy, of which one 
or more may lead to internal conversion and to the emission of Auger 
electrons, with little or no recoil. 

These lead, respectively, to energetic recoil, to recoil followed by 
ionization, and to ionization in situ. The transitions for 56 Mn* given in 
Fig. 1 are grouped according to these three alternatives. The logical fourth 
possibility—ionization followed by recoil—is in effect the same as the first 
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alternative inasmuch as the charge is soon neutralized in the course of the 
trajectory. 

The fundamental question arising from this is whether the several radio¬ 
active products from a given sample arise from different reaction possibilities 
following the three deexcitation paths, respectively, or whether they arise 
rather through a statistical division of reactions following formation of 
essentially the same reactive intermediate from all three paths. There is as 
yet no clear answer to this question, although ion implantation experiments 
now underway promise to give a good indication. 


B. Chemical Aspects 

1. Methods and Definitions 

The experiments are conceptually very straightforward although often 
more complicated in practice. A chosen target material is irradiated with 
neutrons (or other projectiles). Following the irradiation the target may, if 
desired, be thermally or otherwise treated (annealed) to effect solid-state 
reactions, after which the sample is dissolved and chemically processed in 
order to separate the various expected products and to measure their yields. 

It is important to note that since the amounts of radioactive material 
produced are so extremely small (some 10 -10 % of the total is typical) it is 
usually necessary to add macro quantities—10-100 mg—of each compound 
expected to be present, in order to effect a good separation and to measure 
the chemical yield of the carrier. The yield measured is the radioactivity in 
each separated chemical species as a fraction of the total radioactivity in the 
sample, corrected to 100% chemical yield of each respective carrier. The 
term “retention” is commonly used to refer to the yield of the parent com¬ 
pound. This term has the disadvantage, however, of implying that the radio¬ 
active atom remained in the same molecule. Since it often appears that the 
molecule is only later reconstituted, the terms “yield” and “parent yield” 
are to be preferred. 

The total radioactivity, A 0 , of a specified nuclide in a target containing N 
atoms of the appropriate isotope, irradiated in a flux, /, of neutrons for t 
seconds and allowed to decay for T seconds after the end of the irradiation, 
is given by 

A 0 = N<rf(\ — e~ M ) e~ XT (3) 

where a is the neutron capture cross section and A the decay constant. 
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Of these radioactive atoms, a fraction F t are produced in a specified form; 
the value of F i may depend on the irradiation temperature, T, the y-flux, 
and consequently on the irradiation time, t. This fraction may be altered by 
subsequent thermal treatment and by a variety of spurious reactions, to an 
extent expressible as F',(t',T',y '...). Thus, the activity of a given species, i, 
can be expressed as 

A t = NaJ( 1 - e- M ) e~* T Ft(t, T, y) F' t {t', T', y'...) (4) 

The yield can be expressed as 

Y{ = A,/A 0 = Fit, T , y) F\(t\ T\ y' ...) (5) 

The two factors F t and F\ are very complex and not known. It is virtually 
certain, however, that each contains several terms. For example, where 
long-lived radiation-produced species influence the yield, F, must contain 
terms such as A _! {1 - (A t + l)e~ At }(l — e~ At )~‘ which expresses the average 
age of the atoms produced. The subsequent thermal effects are often 
describable in terms of first-order reactions so that F\ must contain one or 
more terms of the form (1 — e' A ‘ T ). Up to the present, there has not been 
enough information available on any system to make careful statement of 
Eq. (5) worthwhile. 

The details of the chemical methods need not concern us here, since they 
involve conceptually straightforward separations of compounds from one 
another. Some few special points are of interest, however, and concern 
largely potentially serious errors (which may all be found in the literature): 

(1) Carrier-free species are apt to accompany other macrocomponents 
through the separation procedures, especially sublimation. 

(2) Sublimation without prior dissolution is likely to cause thermal 
annealing effects. Even dissolution of the samples at room temperature may 
cause thermal reactions to occur, although these, at least, are usually 
reproducible. 

(3) Exchange and other spurious reactions are often difficult to avoid. 
Carriers, scavengers, and the like should be added to the solvent before 
dissolution of the sample. Even then exchange is possible. 

(4) Failure to measure chemical yields and to identify products are some¬ 
times difficult to rectify, especially in the case of unexpected carrier-free 
compounds. Unfortunately, the amounts involved are so small that even the 
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most sensitive instrumental methods—ESR, for example—are not useful in 
making the identifications. 

2. General Nature of the Results 

The earliest studies in this field were conducted largely to benefit from 
the Szilard-Chalmers effect—namely, the separation of radioactive atoms 
from the bulk material—in order either to make nuclear chemical study of 
radioactive nuclides or to effect an enrichment of radioisotopes. In Table II 
are listed some selected works of this type. 

TABLE II 


Early Studies of Isotope Enrichment by the Szilard-Chalmers Effect 


Target compound 

Isotope 

Enrichment 

References 

(CH 3 )jAsCOOH 

76 As 

_ 

82 

Uranyl benzoylacetonate 

33 »Np 

— 

83 

U0 3 + Cr(CO) 6 

103, 104, I05 Mo 

— 

52 

(C 6 H s ) 3 Sb 

I33.134 Sb 

500 

94 

Metal phthalocyanines of 

Zn, Ga, In, V, Mo, Pd, Os, I. 

r, Pt 

>1000 

35 

Cr(CO) 6 

5, Cr 

10 4 

87 

R 2 Hg 

197 Hg, etc. 

~10 3 

32 

Sn(C 6 H 3 ) 4 

,34 Sn 

2 x 10 3 

79 

(C 3 H 5 ) 4 Ge 

”Ge 


66 


Study of the “recoil” chemistry of organometallic compounds for its 
own sake, began really in 1955 with the publication of a study (56) by Mad- 
dock and Sutin on neutron activation of triphenylarsene. Since this time, 
most of the published work has been focussed on those radioactive atoms 
which did not permanently escape their ligands. Thus, in one way or 
another, they end up in molecular form. It is with these that this review is 
largely concerned. 

In general, an appreciable retention or parent yield is found, which may 
vary from 5-6% up to 60-70%. Occasional lower or higher values can usu¬ 
ally be attributed to spurious reactions. The yields of other products is 
usually somewhat lower. In some target compounds no other stable product 
is expectable, as in FeCp 2 , Cr(CO) 6 , Ni(CO) 4 , Cr(C 6 H 6 ) 2 . In other cases, 
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where two types of ligand are present already in the target molecule, com¬ 
petitive reactions may give rise to two or more side products: (PhH) 2 Cr 
and Cr(CO) 6 from PhHCr(CO) 3 , FeCp 2 , and Fe(CO) s from [CpFe(CO) 2 ] 2 , 
and so on. Still a third possibility is that of the formation of new ligands 
from fragments of dissociated ones. This is likely only to produce w-bonded 
ligands, whether one starts with a- or with m-bonded ligands. Thus HAsPh 2 
can be formed from AsPh 3 , H 2 Ge(C 2 H 5 ) 2 from Ge(C 2 H 5 ) 4 , CH 3 Mn(CO) 5 
from CH 3 C 5 H 4 Mn(CO) 3 , and others. 

In a number of cases products have been obtained which have as yet not 
been identified. These are often very difficult to study, being present in 
such extremely small amounts, and their presence is sometimes only inferred 
from a decreasing yield of the parent upon further purification. Usually the 
yields of the unidentified products are small enough that they can be ig¬ 
nored in attempting to understand the product spectrum. In some cases 
compounds have been synthesized which were not previously known, such 
as CpTc(CO) 3 , Tc(C 6 H 6 ) 2 + , PmCp 3 , and others. 


C. Some Chemical Problems 

Throughout the studies discussed in this review there persist a number 
of questions of so fundamental a nature as to preclude much further pro¬ 
gress in the field before additional insight is available. These involve areas 
in which decisive experiments have not yet been done, and in which such 
experiments appear to be either very difficult or totally impossible. These 
questions arise: What is the nature of the starting species? What effects 
result from reactions extraneous to the radiochemical phenomenon— 
adsorption, exchange, etc. ? At what stage following the nuclear event do 
the observed chemical reactions occur ? 

1. Bond Rupture and the Starting Species 

The starting species has often been assumed to be the single radioactive 
atom recoiling away from its point of origin and from its original ligands. 
While this may often be true, there are various difficulties about this 
being the only starting point. Experimentally, only a very few studies have 
been made of the extent of failure of bond rupture, and only one on organo¬ 
metallic compounds. Zahn (97) found that solid CpMn(CO) 3 has a parent 
yield of 12.7% but that when the target compound is irradiated in dilute 
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benzene solution the parent yield decreases to a minimum value of 0.016%. 
This she took to represent the extent of failure of bond rupture. This experi¬ 
ment, however, does not distinguish between total bond rupture and partial 
bond rupture, and gives the extent of total failure of bond rupture. Species 
such as Mn(CO), Mn(CO) 2 , CpMn, and others could still be the most 
primitive species involved. 

On the basis of assumed total molecular fragmentation, a very simple 
axiom was stated by Narayan and Wiles (61): “The simpler is the target 
molecule, the greater should be the probability of reforming the parent 
compound.” That this axiom is spectacularly violated in virtually every case 
in which it has been put to test may indicate that the complex molecules have 
a particular resistance to bond rupture. For example, cyclopentadienyl- 
manganese tricarbonyl, C 5 H 4 Mn(CO) 3 , shows a parent yield of 6% (44). 
The “dimeric” fulvalene dimanganese hexacarbonyl, [C 5 H 4 Mn(CO) 3 ] 2 , 
has a parent yield of some 9.1% (47) despite the prediction of the axiom. 
It may well be, then, that the recoil energy has a good chance of being 
dissipated throughout the molecule before the recoil atom can leave its 
immediate neighborhood. This chance of energy dissipation ought to be 
related to the number of degrees of freedom of the molecule and thus to 
contradict the above axiom. Similar arguments may apply to Ru 3 (CO) 12 , 
Fe 3 (CO) 12 , and [CpFe(CO) 2 ] 2 , all of which have much higher parent yields 
than the axiom would allow. 

Another approach to the same problem involves secondary reactions of 
simpler building blocks such as, in the cases mentioned, -C 5 H 4 Mn(CO) 3 , 
Ru(CO) 4 , Fe(CO) 4 , and -FeCp(CO) 2 . In any event, one is left with the 
probability that at least some part of the molecule remained intact after the 
nuclear event, in order to account for the high yields. 

It is convenient, and usually satisfactory, to assume that at least the ligands 
remain intact. Even this is not always necessarily correct, in view of Har- 
bottle’s demonstration that U C is able to reform CO and then reform 
Cr(CO) 6 quite efficiently (30). 

In some cases the ligands have been found to decompose. Notably the 
study of germanium tetraethyl by Nowak and Akerman (67) showed that 
ethyl groups could be reconstituted as methyl, vinyl, and others. Methyl- 
manganese pentacarbonyl was found (81) from neutron-irradiated methyl- 
cyclopentadienylmanganese tricarbonyl. It has not yet been shown whether 
these are formed through radiochemical effects or through subsequent 
radical exchanges. Radiation effects seem also to be involved. 
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2. Exchange Reactions 

Exchange reactions and other radiochemically trivial processes are often 
difficult to eliminate and must be considered as possibly contributing to 
virtually all observed yields. In the case of Ni(CO) 4 , for example, the ex¬ 
change of CO in the liquid is so fast that the full 98.7% observed parent 
yield (92) can be explained on the basis of the exchange reaction 

*Ni(CO) 3 + Ni(CO)« -*■ *Ni(CO) 4 + Ni(CO) 3 (6) 

In other cases normal exchange can be virtually eliminated by comparison 
of the experimental times involved with the half-time for exchange. 

The validity of these macroscale arguments is questionable, however, 
when microquantities are involved, or when abnormally reactive fragments 
may be present. 

3. The Time of the Reactions 

The time at which the reactions occur is, of course, of vital importance in 
helping to arrive at reasonable views of possible mechanisms, and represents 
one of the most tantalizing questions in the field. While at one time it was 
thought possible that the reactions could be simple, high-energy, billiard- 
ball collisions (54, 58), the likelihood of that occurring is small (95) and in 
any event could not account for the formation of compounds other than the 
parent. It is probable that the reformation of most molecules occurs in a 
stepwise fashion: 

M + 6L - ML + SL - MLj + 4L -*■••• -*■ ML S + L -*■ ML S (7) 
although, as was explained above, there is no certainty as to where this chain 
of reactions begins. 

It is also possible that the last step may occur during dissolution just before 
separation, or in the solid as the sample is warmed up to room temperature. 
The first of these can, in fortunate cases, be intercepted, so as to form a 
selected compound from a radical or other incomplete molecule in the 
solid (46). There are several examples of the second—room-temperature 
annealing—and it is useful when possible to dissolve the target at low 
temperature. 

Two means are available for learning about the time at which reactions 
occur. One can vary the conditions of the irradiation—the time, tempera¬ 
ture, and y-flux—in order to alter the value of F(t, T, y) of Eq. (4). The other, 
rather more versatile, approach is to perform various treatment on the 
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sample after the irradiation—to vary the value of F'(t', T',y '.. .)• If the yield 
of a given species is insensitive to any variation of experimental conditions, 
it is probably safe to assume that the molecules were already formed by the 
time the atom became sensitive to its surroundings: that is, while the atom’s 
immediate surroundings were still highly excited. On the other hand, a 
product whose yield is sensitive to post-irradiation thermal treatment 
must be formed, at least in part, by a temperature-sensitive process which 
occurred during the annealing. If the yield is affected by the irradiation 
temperature, then the reaction must be a fast thermal reaction, likely of 
low activation energy. 

Activation energies have been studied in the case of solid ionic compounds, 
where the target compounds and their side products are somewhat more 
stable and easier to handle. No measurements of activation energies have 
as yet been made on organometallic compounds, and unfortunately, very 
few annealing studies have been done. 

If the yield of a given radioactive product is sensitive to the presence or 
absence of scavengers during any part of the operation (and if the bulk 
carrier compound is also present during the scavenging), it is customary to 
conclude that the scavenging had intercepted the reformation reaction be¬ 
fore the final stage. Unfortunately, it is not possible with most organometallic 
compounds to use scavengers at a stage earlier than the dissolution of the 
crystals. Nath et al. (62) have found a marked effect of the atmosphere 
(0 2 , N 2 , vacuum, etc.) during the annealing of the cobalt complexes 
tris(acetylacetone)cobalt(III) and bis(salicylaldehyde)triethylenetetramine 
cobalt(III) chloride. They found that in both cases the extent of thermal 
annealing, but not the rate, was suppressed by an electron-donating atmos¬ 
phere. This led them to the conclusion that the reaction involves shallow 
electron traps, both at the surface and within the crystal. Zahn et al. (99) 
have used a similar approach by showing a strong dependence of the anneal¬ 
ing of Cr(CO) 6 on the presence of CO under pressure. In this case neutral 
CO molecules were inferred to be reacting. 

One further approach, which has not properly been explored, is based 
upon the axiom of Harbottle’s (29) that if an isotopic difference is found, 
there must have been little reaction subsequent to the initial hot stage. That 
is, these subsequent reactions are expected to be normal chemical reactions 
with essentially no isotopic preference, such that any such reaction would 
tend to wash out possible isotope effects. This problem is worth pursuing 
further, since some isotopic effects have been observed where subsequent 
exchange is to be expected. 
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III 

SURVEY OF EXPERIMENTAL RESULTS 

We shall divide the experimental work according to whether the bonding 
is primarily a or n. The difference is subtle and may turn out to have been 
more apparent than real. Compounds in which bonding is mixed, as in 
RMn(CO) 5 , will be considered with the 7r-bonded compounds. 


A. a-Bonded Compounds 

Both alkyl and aryl metals have been studied, but not a very wide range 
of compounds. Several studies of triphenylarsene and triphenylstibine have 
been done. Methyl and ethyl compounds of arsenic, germanium, mercury, 
bismuth, and lead essentially complete the list. In virtually all cases the 
results have been clouded by difficulties in effecting chemical separation 
without altering the product distribution. The results do, nonetheless, lead 
to valid and important conclusions. 

Maddock and Sutin (56) observed the formation of numerous oxygenated 
products in neutron-irradiated AsPh 3 which, they argued, must have come 
from reaction of AsPh x radicals with oxygen or water during the separation. 
The annealing effect of heating at 45° led to increased yields of AsPh 3 , 
while AsPh 2 products first increased and then decreased. This was inter¬ 
preted as showing the involvement of phenyl radicals in a series of consecu¬ 
tive reactions: 

As -*■ AsPh -*■ AsPh 2 -► AsPh 3 (8) 

A series of studies by the Polish group of Siekierska, Sokolowska, and 
Halpern supported and extended this work. By irradiating benzene solutions 
of AsC 1 3 and finding good yields of AsPh and AsPh 2 compounds (but not 
AsPh 3 ) they were able to prove (77) that neither billiard-ball reaction nor 
preservation of original bonds was necessary for formation of phenyl 
arsenic compounds. A similar investigation of benzene solutions of AsPh 3 
showed a marked scavenging effect of oxygen and of AsC 1 3 which led them 
(75, 76) to an independent statement of the above conclusion of stepwise 
radical reactions. They were able, moreover, to separate the reactions leading 
to the various products into (1) failure of bond rupture, (2) hot reactions, 
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and (3) thermal reactions, on the basis of the scavenger effects (75). Further 
support for the involvement of radical reactions in benzene-AsCl 3 solutions 
was an increased yield of AsPh compounds following application of an 
external y-field, suggesting a diffusion-controlled reaction with radiation- 
produced phenyl radicals (33). 

A very extensive and detailed study of the phenyl arsenic system was 
published by Grossmann (24-27), who also made a thorough study of 
separation methods and was able to effect a reliable separation of the 
products according to the number of phenyl groups attached to the arsenic. 
His results supported the earlier work and added the interesting observation 
that arsenic-containing radicals can be scavenged (presumably by hot 
reactions) by oxygen atoms from within the target compound itself. 

Nowak and Akerman (66, 67) have studied neutron-irradiated Ge(C 2 H 5 ) 4 
and observed a large number of products, involving hydrogen, methyl, 
ethyl, butyl, and vinyl groups bonded to the germanium. The yields of 
several of the products were fairly sensitive to changes in the y-dose (50 
Mrad vs. 2.5 Mrad), which led Nowak and Akerman to the conclusion 
that some of the main reactions involved radiation-produced radicals and 
scavengers. 

Work on mercury alkyls has been done by Heitz and Adloff (31-33), who 
studied Hg(CH 3 ) 2 , Hg(C 2 H 5 ) 2 and HgPh 2 . They found no isotope effect 
between 197m Hg, l97 Hg, and 203 Hg, and no correlation with the respective 
conversion coefficients. They also noted that the retentions could not be 
satisfactorily explained by exchange of the respective ligands, and thus 
concluded that the molecules are reformed by an epithermal not by a thermal 
process. Parent yields were typically 74, 15, and 8% for the diphenyl-, 
dimethyl- and diethylmercury, respectively. 

B. n-Bonded Compounds 

The distinguishing feature of 77 -bonded compounds in this context is that 
a fragmented ligand can no longer give rise to the same type of compound if, 
indeed, to a stable compound at all. While it is possible that atoms of C and 
O may rapidly re-form a CO molecule which is then able to react further, 
the fragments of cyclopentadiene cannot be expected to arrange themselves 
so as to reform the original or any other 77 -bonding ligand. The molecule is 
thus destroyed unless it can be reformed by an exchange reaction, or replaced 
by another molecule in which one or more ligands is u-bonded. 
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1. ir-Ring Compounds 

We shall single out Cr(C 6 H 6 ) 2 , Ru(C 5 H 5 ) 2 , and Fe(C 5 H 5 ) 2 for discussion, 
although several other “sandwich” compounds have been studied: 
Ni(C 5 H 5 ) 2 and Co(C 5 H 5 ) 2 (72, 90), and Hf(C 5 H 5 ) 2 Cl 2 and Zr(C 5 H 5 ) 2 Cl 2 
(36, 91). 

The early work of Sutin and Dodson (85) on neutron-irradiated ferrocene 
exemplifies the results and problems of recoil chemistry. After dissolving 
their samples in hexane and extracting with aqueous solutions they isolated, 
after further purification, radioactive FeCp 2 and a species which emerged 
as ionic iron(III). Adsorbed on the walls of the glass vessels remained 
another species soluble in acetone which accounted for up to 50-60% of the 
radioactive iron. This species has not yet been identified. The FeCp 2 
activity accounted for some 10-12% of the 59 Fe, which increased on standing 
several weeks at room temperature or 2-3 days at 110° C, as is shown in 
Table III. 


TABLE III 

Parent Yields (Retentions) of 59 Fe in Ferrocene 0 


Irradiation 

Initial yield 

(%) 

After storage (20° C) 

50°-60°C, 270 Mrad 

12 

42 days 

19% 

20° C, 0.1 Mrad 

12 

42 days 

14.4% 

-78° C 

10.8 

22 days 

24.6% 

—196°C 

9.6 

6 days 

14.3% 


0 Data from Sutin and Dodson (85) and Hillman and Weiss (37). 


The authors speculate that the observed effect of standing or heating 
involves a reaction of species such as 59 FeCp with an additional Cp formed 
during the irradiation by the recoil of the Fe atom or by fast neutron 
damage. 

Also interesting is the solid-state interaction between the water-extract- 
able fraction and the acetone-soluble fraction. Heating of the irradiated 
ferrocene at 110° C causes a sharp decrease in the water-extractable activity 
(from 55 to 15% in 2-3 hours). This 40% does not appear as ferrocene and 
is assumed to form some stable molecular species other than ferrocene. 
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Since this change in distribution of the radioactive iron occurs most strongly 
in samples which have suffered a heavy fast neutron bombardment, one 
surmises that there must be a reaction with the products of bulk radiation 
damage. The products have not been identified. 

Recent work (51) on 56 FeCp 2 irradiated in 58 Fe(CO) 5 solutions (to give 
59 FeCp 2 ) has shown that the 59 Fe atom can come from the Fe(CO) s molecule. 
The mechanism is unknown and may well involve exchange or other reac¬ 
tions in solution in addition to hot atom reactions. The results do show, 
however, that it is not necessary to preserve the Fe-Cp bonding in order to 
reform FeCp 2 . In frozen solutions the yield of 59 FeCp 2 is much lower than 
in liquid solutions. 

Formation of 59 FeCp 2 is also noted in neutron-irradiated [CpFe(CO) 2 ] 2 , 
as will be described later. An important difference here is that the radio¬ 
ferrocene seems to be formed in the dimeric carbonyl only by very fast 
solid-state reactions. 

It is interesting to note that neutron irradiation of ferricinium picrate (40) 
produced only 2.2% of the 59 Fe as FeCp 2 + , which yield was not increased 
on subsequent heating. The authors suggest that the difference between 
FeCp 2 and FeCp 2 picrate may be due to an increased stopping power of an 
ionic lattice, leading to the production of fewer reactive fragments. In view 
of the results given above from Grossmann (25), it -is perhaps more likely 
that the oxygen atoms from decomposed citrate ions are scavenging the 
iron atoms to form an iron oxy compound before the reaction with cyclo- 
pentadienyl radicals can occur. 

The radiochemistry of ruthenocene has been studied by Baumgartner 
and Reichold (9) and by Harbottle and Zahn (29). It is found that neutron 
irradiation of crystalline RuCp 2 yields about 10% of the radioactive ruthen¬ 
ium as # RuCp 2 . More specifically, an isotopic difference in the radiochemical 
yield is found: 97 Ru, 9.6 ±0.1%; 103 Ru, 10.7 ±0.2%; and l05 Ru, 
9.9 ± 0.2% (29). In liquid solution the isotopic effect is much more pro¬ 
nounced, although the yields are lower. This was suggested by Harbottle as a 
general principle: the greatest isotope effects are associated with the lowest 
yields. While this principle has not yet been substantiated, it seems reason¬ 
able since any thermal reactions which may increase the yields would not 
likely show any isotope effect. 

Aside from the incorporation of radioruthenium in the parent RuCp 2 , 
a number of other interesting things have been observed. Baumgartner 
and Reichold (9) found, on bombarding a powdered mixture of FeCp 2 and 
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U 3 0 8 , that a considerable portion (up to 60%) of the fission-produced 
,05 Ru is recoverable as 105 RuCp 2 . Zahn and Harbottle found, moreover 
(100), that on bombardment of uranium foil in contact with liquid mono¬ 
meric cyclopentadiene (but not with dimeric) a large amount of 105 RuCp 2 is 
produced. These crucial experiments show that neither the metal atom nor 
the Cp ligand need have formed Ru-Cp bonds previously, although at least 
the Cp must be in a rather reactive state for reaction to occur. Reichold (69) 
found, however, that even when K 4 105 Ru(CN) 6 and FeCp 2 are simply 
ground up together in a mortar, some l05 RuCp 2 is formed. 

Both types of experiment [fission + FeCp 2 and RuCp 2 (n,y)] seem to 
yield additional volatile ruthenium compounds. These compounds have not 
yet been identified. 

Dibenzenechromium was studied by Baumgartner et al. (15). They found 
that the yield of 5l Cr(Ph) 2 was 11.8%. [One cannot fail to be struck by the 
similarity in yields of FeCp 2 , RuCp 2 , and Cr(PhH) 2 , although it may well be 
merely coincidence.] On heating the irradiated samples to 110°C, they 
found the yield to increase to 19.4%. It was found that dissolution of the 
radioactive crystals in benzene yielded no further 5l Cr(PhH) 2 . This stands 
in contrast to the above-mentioned results of Zahn and Harbottle which, 
though not strictly comparable, show Cp to be quite reactive toward 
ruthenium atoms. Dibenzenechromium was also formed in low yield (14) 
from neutron irradiation of PhHCr(CO) 3 , as will be discussed in more detail 
later. 

2. Metal Carbonyls 

Carbonyl compounds of Cr, Mo, W, Ni, Mn, Re, Ru, and Fe have been 
studied. Of these the Group VI hexacarbonyls have received by far the 
greatest attention. Generally the yields are all fairly high and often 
dependent upon radiation and thermal conditions. The data for (n,y)- 
activated samples, without radiation or thermal treatment, are summarized 
in Table IV. Thermal treatment of Cr and Mo hexacarbonyls has been done 
by Collins and by Harbottle and their co-workers. The recent isochronal 
annealing study by Groening and Harbottle (23) has shown a stepwise re¬ 
formation of Mo(CO) 6 as a function of temperature, shown in Fig. 3. This 
interesting result suggests the involvement of reactions with three or four 
distinct activation energies. The reactions giving rise to these steps have not 
been identified, but clearly must involve carbonyl transfer from different 
sites, both bound and unbound. The hypothesis here is that the reaction of 
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TABLE IV 

Summary of Yields of Radioactive Parent 
Compound in the Metal Carbonyls, Without 
Subsequent Annealing 


Compound 

Yield 

References 

Cr(CO) 6 

40“ 

99 

Mo(CO), 

60”- 6 

23, 34, 99 

W(CO) 6 

50-60“ 

61, 99 

Fe(CO) 5 

41 f 

61 

Ni(CO)< 

98.7 

92 

Mnj(CO) 10 

12-14"' 11 

44, 46 

Rej(CO),o 

5-6“ 

88 

Ru } (CO)ij 

41 

61 

Fe } (CO),j 

26* 

61 


“ The yield is dependent on the radiation dose. 
6 Isotope effect observed. 
c 26% of the ”Fe was found as Fe 3 (CO),j. 

" 4.5% of the “Mn appears as • Mn(CO) s . 

' 17% of the ”Fe is Fe(CO) 5 . 


Mo(CO)„ is with “trapped” CO groups whose “trapping” energies differ, 
as well as the relative site populations. Although Zahn, Collins, and Collins 
did not observe these steps, their choice of temperature is such as not to 
contradict the stepped formation. The puzzling feature of this step formation 
is that the steps were different, both in position, in height, and in number, 
for the isotopes "Mo and 101 Mo. On the basis of present understanding, 
one would expect the two isotopes to show steps of different heights but 
not at different temperatures nor different in number. 

The role of excess carbon monoxide in the thermal treatment of M(CO) 6 
was clearly shown by Zahn et al. (99), who performed thermal annealing of 
Cr(CO) 6 under CO pressure. The yield of s, Cr(CO) 6 was greatly increased 
by both heating and pressure, much less by heating alone, and very little by 
CO alone. Some illustrative data are given in Table V. The rather strong 
effect of concomitant y-radiation dose was interpreted as resulting from 
radiolysis of the carbonyl to make more CO molecules available for reaction. 
The fact that this y-effect showed up more strongly in annealed samples than 
in unannealed signifies that the y-radiolysis was not spatially correlated with 
the (n,y) event. 
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The results of this study show (99) the involvement of fragments such as 
Cr(CO)^ (3 ^ x ^ 6) which react with CO molecules which come from any 
of several sources: fragmentation of the original molecules, bulk radiolysis 
of the compound, application of an external atmosphere, or perhaps from 
intermolecular exchange. It was concluded from the data that diffusion 
processes are involved and that the relative rates of reaction and of diffusion 
away are important in determining the height of the annealing plateaus. 

The wealth and complexity of information coming from this study suggest 
that further detailed investigation of the radiochemical behavior of this 
compound would be very rewarding. One such study, apparently confirming 
the above-described work, has not yet been published in full (101), 

An earlier study by Baumgartner and Reichold (11) shows further that 
even single metal atoms can react with available CO molecules to produce 
carbonyls. By irradiating a mixture of powdered Cr(CO) 6 and U 3 0 8 , they 
were able to catch the fission product "Mo and isolate it as Mo(CO) 6 . This 
clearly indicates that molecule formation is not dependent on previously 
formed bonds. The yields of "Mo(CO) 6 (60%) were too high to represent 
only the primary fission product molybdenum atoms, and indicate that some 
short-lived precursors of "Mo ("Zr, "Nb) may also have formed at least 
tentative metal-CO bonds, and produced Mo(CO) 6 after ,8-decay. 

Significant experiments have been done by Harbottle and Zahn (30) and 
by Henrich and Wolf (34), studying reactions of higher energy. Yields in 
Cr(CO) 6 following (y, n), (p, pn), and (p, p2n) were all high (30) —70-84%— 
higher, in fact, than the yield from (n,y). Since the first three nuclear 
reactions produce nuclei at much higher energies than does the (n,y) 
reaction, these higher yields were attributed to greater availability of reactive 
CO groups by virtue of local radiation damage. Yields of “C-labeled 
Cr(CO) 6 were lower, but still quite substantial—30-40%. 

Yields of *Mo(CO) 6 have given somewhat contradictory results regarding 
isotopic differences. Harbottle and Zahn find no significant difference 
between yields of 90 Mo(CO) 6 (75.0%) and "Mo(CO) 6 (73.7%) produced 
by high-energy recoil. Coupling these with their results for Cr(CO) 6 , they 
concluded that the reactions leading to formation of the product molecules 
are thermal reactions, retaining no memory of the nuclear reaction or subse¬ 
quent deexcitation. Henrich and Wolf, on the other hand, find a marked 
isotopic difference between 90 Mo(CO) 6 and 93m Mo(CO) 6 , an effect which 
seems to be independent of recoil energy over a considerable range. They 
conclude that the products formed are sensitive to the occurrence of excited 
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states whose half-lives are greater than the time for slowing down of the 
projectile atom (>10~ 8 second). 

These data do show, in any case, that there is no need to retain any bond¬ 
ing to a CO group, since the species recoiling at high energy is certainly a 
single atom (or ion). 

The several polymeric metal carbonyls studied have led to some surpris¬ 
ingly high yields [e.g., Fe 3 (CO) 12 and Ru 3 (CO) 12 in Table IV] but to no 
substantiated mechanisms. The 17% yield of Fe 3 (CO) 12 in neutron-irradi¬ 
ated Fe(CO) s was interpreted as a reaction of Fe(CO) 4 with the Fe(CO) s , but 
no further evidence is available. The study of Mn 2 (CO), 0 has been fruitful 
(44, 46). The insensitivity of the parent yield 56 MnMn(CO) 10 to heat indi¬ 
cates that the molecule is formed by a reaction quite early in the sequence, 
perhaps epithermal. The discovery (46) of a species which reacts rapidly with 
I 2 and exchanges with IMn(CO) 5 led to the conclusion that the • Mn(CO) 5 
radical is produced prominently (4.5%) by nuclear reactions in the solid 
decacarbonyl. The availability of this labeled • 56 Mn(CO) 5 has made 
possible several interesting observations about the exchange properties of 
this radical in the solid (45) and in solution (42). 

3. Mixed it- Ring Carbonyl Compounds 

The interesting feature of mixed 7r-ring carbonyl compounds lies in the 
possibility of observing competitive reactions between the two ligands. 
As yet very few systems have been studied, largely because such systems 
seldom have a favorable combination of chemical properties (stability and 
easy separability of all expected compounds) and nuclear properties (capture 
cross section, half-life, and radiation energy). 

The first such compound to be studied was benzenechromium tricarbonyl 
(14), which gave the results shown in Table VI. The striking thing about 


TABLE VI 

Radiochemical Yields Obtained from 7r-C 6 H 6 Cr(CO) 3 “ 



j -* Cr(CO) 6 

13.5% 

C 6 H 6 Cr(CO) 3 („,y) - { 

-► C 6 H 6 Cr(CO) 3 

10.0% 


'-* (C 6 H 6 ) 2 Cr 

0.2% 


“ Baumgartner and Zahn (14). 
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these data is, of course, that the hexacarbonyl is formed in such high yield 
compared to that of the dibenzenechromium. 

A series of studies on CpMn(CO) 3 and related compounds showed 
similarly that -Mn(CO) s compounds are formed in substantial yield. The 
yield of MnCp 2 could not be assessed properly inasmuch as the carrier 
seems to exchange rapidly with some radioactive species not containing 
cyclopentadiene (SO). The data for various manganese-containing com¬ 
pounds are summarized in Table VII. In addition to those compounds 
reported in the table, two other, as yet unidentified, radioactive compounds 
were found in neutron-irradiated CpMn(CO) 3 (20). 

TABLE VII 


Radiochemical Yields in some Manganese Compounds, Following 
Neutron Activation 


Target 

Compound 

Yield 

(%) 

References 

CpMn(CO) 3 

CpMn(CO) 3 

7.0 

44 



11.7“ 

98 



12-20“ 

20 


HMn(CO), 

10-12 

44 


Mnj(CO), 0 

0.4 

44 

CH 3 CpMn(CO) 3 

CH 3 CpMn(CO) 3 

8 

44 


CH 3 Mn(CO)j 

2 

44 


HMn(CO), 

10 

44 

C l0 H,Mn 3 (CO) 6 » 

C.oH.Mn^CO)** 

9.1 

47 


CpMn(CO) 3 

0.2 

47 


HMn(CO), 

4 C 

47 


Mn 3 (CO) 10 

0.25 

47 


“ These values may reflect either a radiation sensitivity or the presence 
of varying amounts of HMn(CO)j. 

6 Fulvalene dimanganese hexacarbonyl: (OC) 3 MnCp-CpMn(CO) 3 . 
c Obtained as IMn(CO), by reaction with I 2 . 

A number of significant features appear in this table, in addition to the 
evidence for -Mn(CO) 5 compounds. Since no CH 3 Mn(CO) 5 was obtained 
from CpMn(CO) 3 , the methyl group must clearly come from the ring 
substituent unless another source of -CH 3 is present. Samples of 
CH 3 CpMn(CO) 3 diluted with 2,2,4-trimethylpentane yielded up to ten 
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times more CH 3 Mn(CO) 5 , depending on the concentration. It is ap¬ 
parent that radical reactions are occurring in this situation: Yang (96) 
found a typical scavenger action on the part of small amounts of acetone 
added to benzene solutions of CH 3 CpMn(CO) 3 prior to irradiation. Srini- 
vasan found (44) that 2,2,4-trimethylpentane added to the same target 
compound first increased then at progressively higher concentrations de¬ 
creased the yield of CH 3 Mn(CO)j, as apparently the concentration of 
radiolytic -CH 3 increased and then other competitive reactions set in. More¬ 
over, a small amount of Fe(CO)j added to the solution quenched the 
formation of CH 3 Mn(CO) 3 altogether. It was deduced from these results 
that the critical component is not CO, but CH 3 , whose availability controls 
the reaction. The ubiquitousness of Mn 2 (CO), 0 is somewhat surprising, 
since its formation must, at some stage, involve a bimolecular reaction. 
More unexpected is the high yield of the “dimeric” fulvalene Mn 2 (CO) 6 , 
where Narayan’s axiom (above) would suggest a low yield of such a compli¬ 
cated molecule. 

Recent work on [CpFe(CO) 2 ] 2 was intended to test whether once again 
a complex molecule could be found to have a high yield and also to test a 
possible preferential formation of metal carbonyls over metal sandwich 
compounds. In this compound, thermal decomposition of the starting 
compound gives rise predominantly to ferrocene (28, 68). The data (50) 
given in Table VIII show that indeed the carbonyl is preferentially formed 


TABLE VIII 

Radiochemical Yields in Neutron-Irradiated [CpFe(CO) 2 ] 2 “ 


Target 

Product 

F 2S 

(%) 

Fl? 

(%) 


Fe(CO)j 

3.2 

5.4 

[CpFe(CO) 2 ] 2 

[C P Fe(CO) 2 ] 2 

15.9 

20.1 


FeCp 2 

1.4 

1.4 


“ Yi gives the yield after t minutes at T° C. Samples were 
irradiated in Dry Ice. From Kanellakopulos-Drossopulos and 
Wiles (50). 


but that, in this case, the preference seems to be exerted partly through 
thermal reactions, while the FeCp 2 is formed by prethermal reactions. Once 
again the yield of the parent is quite high. The annealing behavior was also 
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interesting, being an approximately linear function of temperature for iso¬ 
chronal treatment. 

In addition to these studies, Baumgartner et al. ( 8) were able to prepare, 
for the first time, tracer quantities of CpTc(CO) 3 by /9-decay of 
[Cp"Mo(CO) 3 ] 2 . No search was made, however, for other product 
compounds. 

Through these experiments run a few tenuous threads of consistency. 
There seems in all cases to be a reasonably good yield of the metal carbonyl 
(or of monomeric derivatives) and less of the two-ring sandwich. The 
mechanisms for this selectivity are not known and need not be the same for 
all compounds. Indications are that radical reactions play a dominant role 
in both the thermal and prethermal reactions, although conclusive proof is 
still lacking. From the [CpFe(CO) 2 ] 2 work comes the conclusion that the Cp 
groups are added to the Fe only through prethermal reactions, while the 
carbonyls can also be added later through thermal reactions. There is not 
yet enough evidence to support this as a general principle, although data 
from many other systems are consistent with thermal reaction of CO. In 
several cases it has been found that hitherto unidentified compounds have 
been produced—sometimes in good yields—both by thermal and by pre¬ 
thermal reactions. 

The only other mixed compounds which have been studied are Cp 2 HfCl 2 
and Cp 2 ZrCl 2 (38), RMn(CO) s (42), and XMn(CO) 5 (48). Quite high yields 
were found for Cp 2 HfCl 2 and Cp 2 ZrCl 2 , with strong isotope effects (yields 
are 59.7% and 20.7%, respectively, for Cp 2 180m HfCl 2 and Cp 2 181 HfCl 2 ). 
Analogous isotope effects were found in solution and also with 14 MeV 
neutrons. It was argued that the yield values could be separated into 
additive contributions from primary retention, primary recombination, 
and displacement reactions. The primary retentions, as determined from 
irradiation in solution, were much higher than Zahn’s for Mn 2 (CO) 10 and 
were claimed to be 25% for Cp 2 180m HfCl 2 . 

The data for RMn(CO) s (R = H, D, CH 3 , C 6 H 5 ) are given (42) in Table 
IX. Most interesting is the fact that the yields of HMn(CO) s are in no way 
proportional to the number of hydrogen atoms in the target molecule. 
Subsequent results (41) have shown that the hydrogen (and deuterium) in 
HMn(CO) s and DMn(CO) s are quite labile. The values given in Table IX 
for these two compounds are thus not necessarily true recoil yields since 
they can well come from simple exchange reactions. This suggests that the 
-Mn(CO) s group, at least, is formed in high yield before the time of the 
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TABLE IX 

Yields in RMn(CO),, with no Thermal 
Treatment" 


Target 

Parent 

yield 

HMn(CO) s 

HMn(CO)j 


21.0 

DMn(CO), 


23.6 

CHjMn(CO)j 

3.5 

6.9 

CsHjMn(CO)j 

2.5 

2.1 


* From Jakubinek et al. (42). 


exchange. An isotope effect would not be expected in such cases, since by 
Harbottle’s principle (29) any such effect would be swamped by the 
exchange. 


TABLE X 

Yields in XMn(CO), with Annealing" 


Target 


IMn(CO) s BrMn(CO), 

Product (%) (%) 


*XMn(CO)j 

28.5 

47 

49 

62 

X # Mn(CO) s 

10.3 

12 

6.5 

6.5 

[*XMn(CO),]j 


— 

28 

30 

[X # Mn(CO) 4 ] 2 

1.7 

~0.5 

2.0 

1 

Mn 3 (CO) 10 

3.0 

-3 

1.9 

1.7 


“ The first number given in each case is the room-temperature 
yield, while the second is the yield after 6 minutes at 70° C. From 
de Jong and Wiles (48). 


The XMn(CO) 5 system (48) is represented in Table X. Here it was con¬ 
cluded that the last step in formation of *IMn(CO) 5 is addition of a carbonyl, 
while in the formation of I*Mn(CO) 3 the last step seems to be addition of 
iodine. 
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C. The Effects of p-Decay 2 

1. Chemical Changes 

The process of /3-decay in some respects offers simpler radiochemical 
consequences than do neutron capture and other reactions, because (a) the 
nuclear recoil energy is very low and (b) the decay schemes, and thus the 
probability of Auger cascades, are generally well known. Despite this, no 
clear mechanisms have been worked out. 

The best-studied system is Pb(CH 3 ) 4 . This can easily be prepared using 
22-yr 210 Pb, which decays to 210 Bi by branched /3-emission—maximum 
/3-energies 15 keV (81%) and 61 keV (19%). The crossover y-transition is 
14% converted. The results of various studies (22, 21) show retention of 
bonding in some 70-80% of the 210 Bi formed in the gas phase, and a similarly 
high yield in dilute solutions. Curiously, the yield of 210 Bi(CH 3 ) 4 fell to 
18% at a mole fraction of 0.05 and rose again on further dilution (21). 
Adloff (2) has studied the /3 decay of 2l0 PbPh 4 , with comparable results. 

Recognizing that the maximum recoil energy is about 0.04 eV, we see 
that the molecule must be preserved intact in most instances, to dissociate 
subsequently. 

B- 

nopb(CH 3 ) 4 ■ ■> J,# Bi(CH 3 ) 4 + -*• ll0 Bi(CH 3 ) 3 + CH 3 + (9) 

Loss of a CH 3 + ion was found (21) to be some 110 kcal mole -1 more favorable 
than dissociation to give a methyl radical. 

On the basis of experimental data, Snell (78) has suggested that about one- 
fifth of the atoms following /3-decay are likely to lose several electrons by 
“shakeoff,” and thus likely suffer dissociation of their molecules. The 
remaining four-fifths of the molecules may remain intact. (This principle is 
called the “four-fifths rule.”) Considering this and the 14% conversion of the 
y-ray, one expects 69% of the 2,0 Bi(CH 3 ) 4 to be preserved—fairly close to 
the value 70% o found for dilute solutions. This may lend support to the fre¬ 
quent contention that bond breakage is the result of Auger ionization. 
(There are reasons for doubting this in condensed states, but unfortunately, 
data on fast intermolecular electron transfer are lacking.) 

The decay of 210 Bi to 210 Po was studied in the phenylbismuth halides— 
Ph 3 BiX 2 —by Nefedov and his colleagues (65). In this case, no y-ray 

2 The author gratefully acknowledges the collaboration of Professor F. Baumgartner in 
preparing this section. 
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transition occurs, so that Auger ionization can have no effect. The calculated 
maximum recoil energy from the /^-emission is 3.5 eV, and the average 
recoil energy substantially less. Through a reaction sequence claimed to be 


Ph 3 BiX 2 -► Ph 3 PoX 2 + -► Ph 3 PoX (10) 


the observed yields of Ph 3 PoX are, for X = Br, Cl, and F, 73%, 33%, and 
5%, respectively. The formation of Ph 2 PoX 2 showed the opposite trends. 
These yields must clearly reflect the effect of the halogen’s electronegativi¬ 
ties on the reactions 



the second alternative being favored by higher electronegativity. 

The several cases reported of very high yields of nuclear fission products 
in molecule form clearly involve preservation of bonds formed by ^-pre¬ 
cursors. These and a number of other studies will be discussed in the next 
section. 


2. fi-Decay as a Method of Synthesis 

/8-Decay is not only suited for mechanistic studies, but also offers to pure 
chemistry a means of answering the questions of the existence of unknown 
molecules. Failure to observe a particular compound in the systematics of 
organometallic chemistry can have several causes. Commonly it is because 
either an insufficient amount of the starting element is available (because it is 
too unstable or too difficult to obtain) or the selected preparative methods 
were unsuccessful. False methods in preparative attempts are not, however, 
good evidence for the nonexistence of a compound, but show as a rule only 
that the desired structure cannot be reached by a chosen pathway. /8-Decay, 
on the other hand, starts from the point of having a neighboring element 
already in the desired structure. After /8-decay, one seeks to find the decay 
product having retained its structure. This method, of course, presupposes 
that the desired structure is known for the neighbor element. Moreover, in 
order that the extremely small quantities of the product compound can be 
detected, it is necessary that the product nucleus must itself be radioactive, 
and that an Auger cascade not be associated with each decay event (as is 
increasingly the case with increasing atomic number). Corresponding to 
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these conditions, previously unknown organometallic compounds of Pm, 
Tc, Rh, Po, and Np have for the first time been synthesized and studied. 

In the chemistry of cyclopentadienyl-metal complexes the question 
was always present as to whether the uncharged compound Rh(C 3 H 5 ) 2 
was capable of existence since the very stable compounds Fe(C 3 H 3 ) 2 , 
Co(C 5 H 5 ) 2 + , Ru(C 3 H 3 ) 2 , and Rh(C 5 H 5 ) 2 + were known. The uncharged 
Co(C s H 5 ) 2 showed a very high sensitivity to oxidation, so that the existence 
of the homologous Rh compound was already in question. The mass 105 
decay series was especially suited for answering this question (7). The 
^“-active (t U2 = 4.5 hours) starting molecule l05 Ru(C 5 H s ) 2 could be easily 
prepared by neutron irradiation of natural Ru(C 5 H 5 ) 2 followed by purifica¬ 
tion by sublimation. After the ^-transformation, the criterion adopted for 
demonstrating the presence of the desired product compound was the volatil¬ 
ity of the 103 Rh activity at 120° C. In fact, 15-20% of the l03 Rh present was 
found to be sublimable (7). Subsequent attempts to synthesize the volatile 
Rh compound chemically led to Rh(C 3 H 3 )(C 3 H 6 ). 

In a similar manner, the existence of (C 5 H 5 )Tc(C 03 ) (9) and of 
Tc(C 5 H 5 ) 2 + (8) was demonstrated for the first time, starting from corres¬ 
ponding organometallic compounds of "Mo, which undergoes /3~-decay 
to " m Tc. These compounds were also subsequently synthesized, and the 
chemical properties found following radiochemical synthesis were con¬ 
firmed. Among the cyclopentadienyl lanthanide compounds, Pm(C 5 H 5 ) 3 
was first prepared by the /5~-decay of 151 Nd(C 3 H 3 ) 3 (6). 

Po(C 6 Hj) 3 X, Po(C 6 H 5 ) 2 , and Po(C 6 H s ) 4 were also first prepared by 
/3-decay (63): 

P- 

Bi(C 6 H 5 ) 5 -► Po(C 6 H 5 ) 5 


The di- and tetraphenylpolonium could not be distinguished by the paper 
chromatographic method used, as was also found with Te(C 6 H 5 ) 4 and 
Te(C 6 H 5 ) 2 , produced by decay of 125 Sb(C 6 H 5 ) 5 . The polonium-210 
synthesis starting with Bi(C 6 H 5 ) 3 or Bi(C 6 H 5 )Cl 2 (60) produced only 
Po(C 6 H 5 ) 3 C1 2 , and gave no trace of Po(C 6 H 5 ) 3 . 

The existence and properties of Np(C 3 H 3 ) 3 Cl were first determined (5) 
by/3-decay synthesis. 238 U(C 5 H 5 )3C1 served as the starting compound, being 
first converted by neutron irradiation to ^“-active 239 U(C 5 H 5 ) 3 C1. Since the 
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/3-decay involves only a single, unconverted y- ray, one should expect a high 
yield. The yield of the volatile Np compound was found to be 90%. 

In connection with /3-decay synthesis, the synthesis of organometallic 
compounds as a consequence of nuclear fission must be mentioned 
{9-11, 13). In this way, for example, a powdered mixture of Fe(C 5 H 5 ) 2 and 
U 3 0 8 gives good yields of ruthenocene {10) and iodoferrocene (9) on fission. 

Fe(C 5 H s ) 2 + U(n,f) ->• i<>3.'°5Ru(C 5 H s )j + Fe(C s H 5 )(C 5 H, ,31 I) (13) 

Similarly, by neutron irradiation of a mixture of U 3 0 8 and Cr(CO) 6 , one 
gets the homologous compound "Mo(CO) 6 {11): 

Cr(CO) 6 + U(n,f) 99 Mo(CO) 6 (14) 

Chemically very sensitive compounds, such as the easily oxidizable 
Mo(C 6 H 6 ) 2 , are formed when air is excluded. 

Cr(C s H 6 ) 2 + U(n,f) -► ”Mo(C 6 H 6 ) 2 (IS) 

The high yields—about 50%—which were observed in all cases, indicate 
the strong involvement of secondary fission products (i.e., those produced 
by /3-decay of precursors). A consideration of mechanisms of formation of 
the organometallic products led to the conclusion {13) that the /9-decay itself 
must be the cause of the molecule formation. Neither purely mechanical 
collisional substitution, nor thermal chemical reactions, nor radical reac¬ 
tions, nor radiation-induced reactions seemed to be responsible for the 
synthesis reactions. 


IV 

DISCUSSION 


A. Reaction Mechanisms 

Any attempted discussion of reaction mechanisms in this present context 
must present a rather disappointing picture. Although numerous plausible 
hypotheses have been advanced, it may fairly be said that practically nothing 
is known with certainty regarding the mechanisms of the inferred reactions. 
The best which can be done at present—and this only in a few cases—is to 
identify the approximate time of occurrence of the reactions. Unfortunately 
this is not as easily done in solids as in liquids or gases where scavengers 
or moderators can be used during or after the irradiation. Nonetheless some 
progress can be made which, if it does not elucidate the mechanism, at least 
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suggests areas for focusing of future research. We now examine the possible 
stages for the occurrence of the reactions, and some of the principles which 
have been used, explicitly or implicitly, to evaluate the contribution of each 
to the final spectrum of products. 

1. Thermal Reactions 

Thermal reactions are the easiest to isolate experimentally, although they 
are seldom easy to identify precisely. Clearly, any compound whose yield is 
influenced by thermal treatment involves, in part at least, thermal reactions. 
These thermal reactions can be of two types: those which lead to the addition 
of further ligands, and those which do not. Only the first type are commonly 
considered and involve addition of a ligand to complete the molecule to give 
an identifiable intermediate: 

Cr(CO) 5 + CO -> Cr(CO) 6 (16) 

AsPh + Ph -»■ AsPhj (17) 

Thermal reactions of the second type, which do not involve adding ligands 
toward formation of metal organic product compounds, are less widely 
recognized as chemical phenomena. There may be here a simple failure of 
reaction, as in Eq. (16), because (99) of the diffusion of CO from the reaction 
site; there may be stabilization of an intermediate stage by scavenger action 
(26,27,56): 

AsPh + £)-*■ AsPhO (18) 

or there may be, at increased temperature, thermal dissociation of an inter¬ 
mediate product (44). 

■ Mn(CO) 5 ->• Mn(CO),+ CO (19) 

These are all envisioned as occurring in the solid state. 

Failure to give a product because of diffusion away of a reactant may give 
rise to kinetic competition between two processes: reaction with activation 
energy E, and diffusion with activation energy E 2 . This competition can 
easily be handled using assumed first-order kinetics (for correlated pairs of 
reactants) and considering the fraction, F, of the available reaction sites which 
lead to products within “infinite” time compared to the fraction, 1 — F, 
which give no reaction—presumably by diffusion away of a reactant. This 
treatment leads to the expression 

F _ Rt° _ exp (-EJkT) _ 

R° k t exp (-EJkT) + k 2 exp (-E 2 jkT) 


( 20 ) 
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which leads to retention values at the annealing plateau of 

log- log [*"!) - 

The linear relationship given in Eq. (21) between log 2? and 1/7 1 has been 
observed in ionic compounds with K 2 Cr0 4 (55) and KI0 3 (27), but not 
yet with organometallic compounds. The work of Zahn et al. (99) suggests 
that such a relationship may exist, but the data are too few as yet. 

The nature of the first type of thermal reactions is as yet only speculative. 
The two obvious possibilities seem to be (1) reaction of an incomplete 
molecule (radical) with an unbound nearby ligand, made available by recoil 
fragmentation, radiolysis, chemical dissociation, or the presence of an 
external atmosphere and (2) reaction of the moiety with a nearby molecule 
to abstract a ligand. The first type with an external source of CO has been 
clearly demonstrated for the case of the Group VI carbonyls which, when 
heated in an atmosphere of CO (up to 100 atm pressure) showed a marked 
increase in yield. A much smaller enhancement of yield in vacuo was attrib¬ 
uted (99) to radiolytic dissociation, because of the influence of irradiation at 
various y-fluxes. The alternative possibility—that of equilibrium dissocia¬ 
tion of Cr(CO) 6 in the solid state—has not been investigated. 

Other probable cases of addition of CO to complete a molecule by thermal 
reactions are Mo(CO) 6 (99), W(CO) 6 (61, 99) [CpFe(CO) 2 ] 2 (50), Fe(CO) s 
in [CpFe(CO) 2 ] 2 (50), *IMn(CO) s (48), and Ni(CO) 4 (92). This last seems 
to show the importance of normal thermal dissociation, although radiolytic 
effects have not been ruled out. Most other ligands which have been studied 
have, on one compound or another, been found to be capable of thermal 
reaction—Ph in AsPh 3 , CO in several compounds, I and Br in XMn(CO) s , 
Cp in FeCp 2 , PhH in Cr(PhH) 2 . Many of these same ligands have also been 
found to react prethermally in other cases. 

Implicit in all this discussion of thermal reactions is the requirement that 
the moiety be stable enough in the solid state to last until reacting. The IR 
spectra of such partial molecules and their reactions have been observed for 
several cases. Rest and Turner (71) have shown that at 15° K the fragment 
Ni(CO)j is stable enough in an argon matrix to adopt its own characteristic 
symmetry (D }h ). Reformation of the whole molecule occurs rapidly at 
30° K. Similarly (70), Mn(CO) 3 NO and Mn(CO) 2 NO are stable in an argon 
matrix at 15° K and react to form Mn(CO) 4 NO at 30° K. In these cases, the 
fragmentation was induced photolytically so the dissociation products likely 
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remained at those temperatures in a reactive configuration. There is no 
information as to the stabilities of these moieties in the absence of a stabiliz¬ 
ing reaction. The evident stability of -Mn(CO) 5 in Mn 2 (CO) 10 at tempera¬ 
tures up to 50° C has already been discussed (44). 

Little evidence for thermal transfer of a 7r-ring in recoil studies has been 
published, and that only when no other ligand was present in the molecule. 
It is found (85, 37) that ferrocene is susceptible to thermal annealing in a 
ferrocene matrix, where the reaction clearly must be 

FeCp + Cp - FeC Pj (22) 

On the other hand, the yield of ferrocene in a [CpFe(CO) 2 ] 2 matrix (50) 
is not altered up to 80° C, so that here either Cp transfer is not possible or 
the position on the Fe atom is blocked by CO groups. It seems plausible to 
consider a rapid “ligand condensation” as a very early prethermal competi¬ 
tive reaction. One can thus set up a hypothetical reaction scheme such as 
[using PhHCr(CO) 3 as the matrix compound]: 


Cr 



PhHCr Cr(CO) 



(PhH) 2 Cr PhHCr(CO) Cr(CO) 2 



etc. 


Either reaction b or reaction d would preclude subsequent formation of 
(PhH) 2 Cr. After the initial period of chemical and thermal excitation, the 
CO would enjoy a strong kinetic advantage over the ring, both because of its 
small size and because of its favorable 7r-electron distribution, so that reac¬ 
tion d would be preferred over c, and f would be preferred over e. 

Also interesting chemically is the identification of some expected reactions 
which do not occur in the solid state (45). Among these is the exchange of 
•Mn(CO) s with an Mn 2 (CO) 10 matrix. 

• *Mn(CO), + Mn 2 (CO) I0 , -y/s ± *MnMn(CO) l0 + -Mn(CO) 5 (23) 

This reaction is not detectable within 6 minutes at 75° C (44). 

It is evident that much more work is needed on the stability and reactivity 
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of radicals trapped in solids and on the mobility of unbound ligands in 
solids. The occurrence of thermal reactions in solid irradiated samples is 
now well documented, and it can be deduced what reactions are probably 
occurring. However, little more can be said now, until more quantitative 
data are available on mobilities and activation energies. 

2. Separation-Induced Reactions 

Radioactive molecules can sometimes be formed by the processes normally 
involved in the separation. Foremost among these are (1) exchange in the 
solvent prior to chromatography and (2) thermal reaction during sublima¬ 
tion. Both lead to false results; the second is easily eliminated, the first is 
often not. As an illustration of the effect of sublimation, it was found (61) 
that the yield of 186 W(CO) 6 separated by vacuum sublimation at 50° C 
was 63.8%. The same irradiation conditions yielded 51.8% when the 
samples were first chromatographed and then sublimed. Evidence for similar 
effects was found in (PhH) 2 Cr (IS), RuCp 2 (29) and others. Simple dissolu¬ 
tion to break up the lattice, followed by evaporation and sublimation is 
usually considered satisfactory to eliminate thermal recombination of 
initially correlated pairs of reactants. 

Exchange in solution is not so easy to identify, although dissolution in 
scavenger solutions has proven satisfactory in several cases. Often, once the 
problem has been recognized, little more can be done about it, as in the case 
of the yield of *MnCp 2 in CpMn(CO) 3 . By direct experiment this yield was 
found (80) to be 60%—a surprisingly high value. However, the same experi¬ 
ment done on irradiated Mn 2 (CO) 10 showed a yield of about 30%. Clearly 
in the latter case the MnCp 2 carrier exchanges with some radioactive species 
in the solution. Since the amounts of carrier and tracer differ so greatly, the 
equilibrium position will be so far in the direction of the radioactive carrier 
that the reaction is effectively unidirectional. 

Exchange reactions can sometimes be used to good advantage when 
carriers do not exist. The radical -M^CO^ is found to exchange rapidly 
with IMn(CO) 5 , which can then be used as carrier for the erstwhile radical. 
Information is lost by this exchange and the yields of pairs such as • Mn(CO) s 
and IMn(CO) s , HMn(CO) s and IMn(CO) s , and FeCp 2 and FeCp 2 + 
cannot be distinguished. A further problem here is that one must assume 
that the exchange is complete, so that the chemical recovery properly repre¬ 
sents the radiochemical recovery. While it is possible that future develop¬ 
ments may make it possible to use these exchange reactions more frequently 



242 


D. R. WILES 


in identifying radioactive species, at the present it seems that little further 
information can be gathered from experiments involving rapid exchange. 
Conversely, it is possible that the radiochemical studies can lead to infor¬ 
mation about exchange kinetics; the above-mentioned MnCp 2 exchange is 
an example. However, no study of these reactions has been done and, of 
course, there is no certainty that they are in fact true exchange reactions. 

3. Prethermal Molecule Formation 

An observed product which is not formed by thermal or separation-in¬ 
duced reactions, or molecule fragments which may be recognized as reacting 
further at later stages, must be considered as being formed by prethermal 
reaction. Under this term we include reaction by direct collision, “hot zone” 
reactions, and epithermal reactions, but not thermal reactions occurring 
during the neutron irradiation. These last can usually be identified or elim¬ 
inated by irradiating at different, low temperatures. It is a useful, if not fully 
tested, principle that an identified species whose yield is not affected by 
thermal treatment or by changes in separation procedure or in irradiation 
conditions must have been formed by prethermal reactions. Species which 
remain after partial or total failure of bond rupture will be discussed below, 
and can likely not be distinguished in practice. 

The only case reported to date in which prethermal reactions seem to be 
the sole means of formation is that of ferrocene, formed in 1.4% yield in 
[CpFe(CO) 2 ] 2 . While exhaustive study of the effects of irradiation conditions 
was not made, thermal annealing had no effect on the FeCp 2 yield, and no 
difference was found between irradiation at -78° C at 3 x 10 11 n cm -2 sec -1 
and at 35° at 9 x 10 13 n cm -2 sec -1 . Other products were markedly affected 
by these same changes of experimental conditions. Thermal and radiation 
effects on the parent yields in RuCp 2 are very small, and isotope effects 
are large (29). This suggests, in accord with Harbottle’s axiom (see below), 
that most of the RuCp 2 is prethermally formed. The parent yield in 
Mn 2 (CO), o seems to be independent of thermal treatment and of dissolution 
medium, but the irradiation conditions have not been studied over a wide 
enough range to permit exclusion of y-radiation effects as a contributing 
factor. All other reported cases show evidence of formation at least partially 
by later reactions. 

While inference has been made in a few cases as to the order of addition of 
ligands in prethermal reactions, no generalization can yet be made. When 
only one type of ligand is present, it is clear that the same ligand type may 
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react both prethermally and thermally. In liquid systems it is possible to 
intercept the thermal reactions by the use of scavengers, or to further them 
by the use of additional radical sources (44). It is also possible to intercept 
some of the prethermal reactions by the use of large concentrations of scaven¬ 
gers. In this way Siekierska et al. (76) were able to determine the upper limits 
on various stages of the reactions in benzene solutions of AsPh 3 , as is seen 
in Table XI. 


TABLE XI 

Contribution prom Processes at Various Stages in the 
Triphenylarsine Benzene System" 




Percent 76 As as 


AsPhj 

—AsPh, 

=AsPh 

Failure of bond rupture 

1-2 

2 

0 

Hot reactions 

1 

5 

22* 

Thermal reactions 

14 

16 

0 


" Data from Siekierska et al. (75). 

b Some 6% of this is susceptible to further thermal reaction with 
phenyl groups unless “scavenged” by oxygen to form PhAsO(OH)j. 


When two or more types of ligand are present, it often appears that one 
takes precedence over the other. Thus, with [CpFe(CO) 2 ] 2 it appears that 
the Fe-Cp bonds are made either very fast or not at all, and that any thermal 
effects involve the making of Fe-CO bonds. It may well be that the FeCp 
fragment is not stable enough to last through the prethermal period and 
rapidly adds either Cp to give FeCp 2 , or CO which permanently blocks the 
access of a second Cp, much as was suggested above for PhHCr(CO) 3 . 
If this suggestion is valid for CpMn(CO) 3 , the blocking seems not to be 
permanent, as is shown by the evident rapid exchange with MnCp 2 carrier. 

The difficulty in proving the exact nature of prethermal reactions is that 
they occur too fast for standard solid-state chemical methods. One attractive 
idea was expressed by Harbottle (29), namely that, if a strong isotope effect 
is shown, very little subsequent chemical influence can have been felt and 
the observed species must have been formed by prethermal processes. The 
supposition here is that isotopic differences come only from differences in 
the nuclear deexcitation pattern (total energy, y -ray cascades, angular 
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correlation, conversion coefficients, etc.) and that subsequent thermal reac¬ 
tions will have no tendency to preserve memory of the nuclear event. While 
this hypothesis has not been examined further, it seems promising and 
deserves more attention. Harbottle’s initial statement was that the greatest 
isotope effects are given in experimental conditions which lead to the lowest 
yields. Since most, if not all, annealing effects lead to increased yields, the 
other formulation of the axiom follows. Harbottle’s data are given in 
Section III,B,2. 

4. Failure of Bond Rupture 

Failure of bond rupture presents an unsolved question which has not 
been well discussed. This may be particularly significant in cases of certain 
complex molecules which, despite their complexity, seem to show high 
yields. If, as in the case of [CpFe(CO) 2 ] 2 , the direction of recoil were to be 
toward the center of mass of the molecule, it is likely that a large amount of 
the energy could be absorbed within the molecule, at least long enough for 
the atoms to remain in essentially their normal configurations while the 
energy is transferred to neighboring molecules. If we allow for emission of a 
small number of medium energy y-rays, with probable partial momentum 
cancellation, it is apparent that at least some of the bonds must remain 
intact in a substantial fraction of the events. It is thus tempting to speculate 
that this partial preservation of structure may be the reason for the high 
yields observed for several complex compounds. 

A similar explanation may be useful in interpreting the apparent prefer¬ 
ence for one ligand over another, because of the particular orientation of the 
molecules in the crystals. CpMn(CO) 3 molecules, for example, are arranged 
approximately as shown in Fig. 4 (16). The recoiling atom can escape in 
several directions, including through the carbonyl umbrella. This is very 
much like the mechanism proposed (84) for exchange of PhH with 
PhHCr(CO) 3 , and would leave the Mn atom surrounded entirely by 
carbonyls. Recoil in the opposite direction is not possible without destroying 
the ring (93). This speculation will be very difficult to test by direct experi¬ 
ment, although a promising approach will be that of ion implantation 
chemistry, in which the chemical form of radioactive atoms shot into various 
targets can be compared with the product spectrum of atoms formed by 
neutron activation in similar compounds. 

To counter the suggestion that bond preservation may be required, there 
are several cases of efficient formation of radioactive molecules where no 
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Fig. 4. Crystal structure of CpMn(CO)j [after ref. (76)] showing recoil into CO-rich 
regions and recoil into a Cp-rich region. Destruction of the initial ligand Cp occurs in this 
last event. 


bond was formerly present. These include the experiments of Henrich and 
Wolf (34) and of Harbottle and Zahn (30) on high-energy bombardment of 
metal carbonyls and the work by Zahn and Harbottle (100) and by Baum¬ 
gartner and co-workers (4, 9, 11-13) on capturing fission fragments in an 
appropriate catcher material. For example, when a finely ground mixture of 
U 3 0 8 and Cr(CO) 6 was irradiated with neutrons, up to 60% of the "Mo 
was found (11) as Mo(CO) 6 . 

Another case in which bonds were made where none existed previously 
is that of irradiation of AsC 1 3 in benzene solution (76) which led to formation 
of PhAsCl 2 and Ph 2 AsCl, and even Ph 3 As. Yet another example (51) is the 
formation of 59 FeCp 2 by irradiation of Fe(CO) 5 in cyclopentadiene (mono¬ 
mer) solution. While these examples may not tell us when the reaction does 
occur, they do show that initial bonding is not indispensable. 

5. “ Nonproductive ” Reactions 

We have so far concentrated on those reactions which can lead to recogniz¬ 
able product species. In most cases, however, an appreciable fraction of the 
radioactive atoms are in chemical forms which are not identified until they 
ultimately emerge as metal ions in aqueous acid solution. Although the term 
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“inorganic fraction” has been used, it is likely that these atoms may be in 
more complex, perhaps metastable, forms. Are there, then, other reactions 
or conditions whose effect is specifically to prevent the formation of molec¬ 
ular products ? There are few conclusive data but much indicative evidence. 
There seem to be two general types of reactions here, although proper 
classification has not been attempted: 

(1) Irreversible destruction in the nuclear event 

(2) Scavenging of radicals and incomplete molecules 

As early as 1940, Seaborg et al. (74) pointed out a close relationship 
between the radiochemical yield and the conversion coefficient of a nuclear 
isomeric transition. Studying Te(C 2 H 5 ) 2 and Zn(C 2 H 5 ) 2 , they concluded 
that the molecules were permanently destroyed by the results of subsequent 
internal conversion. Briefly, they found in the gaseous compounds M(C 2 H 5 ) 2 
that for M = l27 Te m and 129 Te m , which are almost totally converted, the 
radioactive ground state species 127 Te and 129 Te were 100% transformed 
to non-volatile decomposition products. For the largely unconverted 69 Zn m , 
on the other hand, no such decomposition was observed. 

Similar suggestions have been made in several other cases (34, 57, 64, 72). 
Often, however, the evidence is incomplete so that other interpretations 
cannot be ruled out. The important and convincing work of Carlson and 
White (18) on Pb(CH 3 ) 4 has already been described. However, its applicabil¬ 
ity to the condensed states has not been studied. 

The importance of scavengers has been referred to earlier, but destructive 
scavenging action is much more widespread—for the obvious reason that 
the products are seldom recoverable. In addition to scavengers which are 
added intentionally to remove contaminants in known species, scavenger 
action is present through accidental or unavoidable presence of air or moist¬ 
ure in chromatography solvents. The clearest example of this is perhaps the 
formation of oxygenated species from Ph 3 As, recognized by Maddock and 
Sutin as products of radical scavenging reactions (56). Radiation-produced 
scavenger action was pointed out by Nowak and Akerman (67) as responsible 
for the decrease in yields of certain products—particularly vinyl compounds 
—from Ge(C 2 H 5 ) 4 at higher radiation intensities. 

Less clearly recognizable as scavenging, but in principle the same thing, 
is the evident reaction of glass surfaces with carrier-free species. While this 
phenomenon has been studied widely in radiochemistry, adsorption on the 
walls of glass vessels has been more of a nuisance to be avoided. Harbottle 
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and Zahn (29) have shown that these adsorbed species can react chemically 
to form molecules—in their case RuCp 2 from initially ionic ruthenium. An 
interesting case is the adsorption of some 30% of the radioactive 59 Fe from 
FeCp 2 on the walls of the vessels used for dissolution (85). This was not a 
species produced by hydrolysis and was best removed by washing the glass 
with acetone. It would be very interesting to try to scavenge this species 
before it reached the walls, so as to make an identification. It seems possible 
that it may be FeCp, which could perhaps be captured by further reaction 
with monomeric Cp. 

In the case of many target compounds this unrecovered fraction, errone¬ 
ously called the “inorganic” fraction, must remain unidentified until more 
work can be done on the use of scavengers to intercept and protect partly 
formed molecules. 

6 . Applications to Other Fields 

The only respect in which the hot atom chemistry of organometallic 
compounds has so far been applied to other fields of study is in the area of 
isotope enrichment. Much of this has been done for isolation of radioactive 
nuclides from other radioactive species for the purpose of nuclear chemical 
study, or for the preparation of high specific activity radioactive tracers. 
Some examples of these applications have been given in Table II. The most 
serious difficulty with preparation of carrier-free tracers by this method is 
that of radiolysis of the target compound, which can be severe under con¬ 
ditions suited to commercial isotope production, so that the radiolysis 
products dilute the enriched isotopes. A balance can be struck in some cases, 
however, between high yield and high specific activity (19, 73). 

Formation of labeled molecules has been studied in a few cases, but has 
not been exploited usefully. Various radioactive organomercury compounds 
have been prepared: diphenylmercury (33, 90), fluorescein (53), and 
chloromeredrin (43). A number of other potentially useful syntheses could 
doubtless be developed with a wide variety of nuclides with easily detectable 
y-rays—pharmaceuticals, pesticides, physiological tracers, oil-soluble 
markers for labeling oil shipments, and so on—if it could be established what 
molecules are of interest to the various “consumers’” 

Applications to the study of the chemical properties of the compounds 
concerned have been only little explored, and to date the work has essentially 
just begun with a couple of reports on manganese compounds. Potential 
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uses lie in studies (45) of the exchange of otherwise inaccessible radicals or 
of “foreign” compounds in solids, produced in situ, or of unstable species 
which can be frozen in solid matrices to react rapidly on dissolution. Another 
potential use is in the more conventional studies of reaction kinetics (41, 42) 
in cases where the labeled molecule would be very difficult to synthesize by 
standard methods. 

The use of /3-decay as a synthetic route has been described earlier (Section 
III,C,2) and again has been exploited only little. 

C. Future Trends 

Over the past few years studies in this field of research have (perhaps 
rightly) been rather poorly correlated searches for phenomena which could 
often best serve as focus for seeking specific questions. Now some of these 
questions can be asked, and hopefully future work may be better coordinated. 
It is now possible to look for solutions to questions such as the following: 

What are the starting species for the observed thermal reactions ? 

What is the role of selective bond rupture in determining the nature of the 
products ? 

What are the relative roles of kinetic recoil energy and of electronic 
effects in leading to the observed products ? 

What alternative routes are open for the dissipation of the energy of the 
capture y-cascade ? 

At what stage do preferential reactions express themselves, and what are 
the parameters leading to this preference ? 

What chemical phenomena lead to the “inorganic” or nonmolecular 
products ? 

It is likely that the answers to these questions will come only from more 
selective and sophisticated experiments than have been done hitherto, 
although some useful directions have been established. The use of high- 
sensitivity electron spin resonance for the study in situ of anticipated radical 
species will likely be possible, if the background signals from other radiation- 
produced species are not too intense. Studies of the chemistry of implanted 
atoms and ions in solid organometallic substrates will make it possible to 
start with totally unbound atoms which suffer no Auger ionization and thus 
to simulate the extreme of the total recoil. Careful studies of the thermal 
annealing effects, especially in the presence of reactive atmospheres, will 
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help to determine the nature of the later reactions. Study of selected mixed 
alternative products will make possible the assessment of relative reaction 
probabilities. Mixed systems, such as 56 FeCp 2 - 58 Fe(CO) 5 (51) will be 
enlightening in so far as they may shed light on the thermal migration of the 
recoil atom. (In this case, it may rather be that the radiochemical studies will 
shed light on the phase composition of the frozen solutions.) Most interest¬ 
ing, but chemically difficult, would be the study of such binuclear com¬ 
pounds as the pair (49) Cp 2 MoH-W(CO) 5 and Cp 2 WH-Mo(CO) 5 , to look 
for possible asymmetry in the distribution of 186 W(CO) 6 among the 
products. 


Note Added in Proof 

Recent experiments have provided partial answers to some of the above questions, 
although their generality is not yet known. Implantation of 4 keV 5e Mn + ions into Cr(CO) 6 
targets does give rise to — 56 Mn(CO)* and — S6 Mn(CO) 5 , but in quite low yield ( < 1%). 
(G. M. Jenkins and D. R. Wiles, to be published.) Generation of 18 keV “Mn in crystalline 
[CpFe(CO) 2 ] 2 by the 56 Fe (n,p) !6 Mn reaction produces very low yields of Cp J6 Mn(CO) 3 
and — 56 Mn(CO) s . (D. R. Wiles, to be published.) If the initiating species in the radio¬ 
chemical reactions were a high energy recoil atom [cf. (i) in Fig. 2] then very high product 
yields would be expected in both of these cases. 
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INTRODUCTION 

There is a large and growing field of transition metal chemistry in which 
silicon-containing ligands are involved. The object of this review is to 
provide a guide to the literature on those aspects of the subject described by 
the title and to deal in detail with topics not treated specifically elsewhere. 
Section II is concerned with complexes having Si-transition metal (M) 
bonds, Section III with the role of transition metal complexes in hydro¬ 
silylation, and Section IV with complexes having Si—C—M bonds. 

1 Present address: Careers & Appointments Advisory Service, University of Edinburgh, 
Edinburgh, Scotland. 
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TABLE I 

Reviews Relevant to Silicon-Transition Metal Chemistry 


Subject/Title 


References 


cr-Complexes of Pt(II) with H, C, Si, Ge, and Sn ligands 123 

Transition metal derivatives of Si, Ge, Sn, and Pb 228 

Transition metal complexes with Group IVB elements 241 

Silicon hydrides and their derivatives 7 

Metal-metal bonds in transition metal complexes 16 

Organometallic compounds with metal-metal bonds 

between different metals 234 

Group IVB derivatives of the transition elements 40 

Organic insertion reactions of Group IVB elements 180 

Metal carbonyls, including silyl derivatives 1 

Complexes of Pt(II) with Group IV donor ligands 243 

Organometallic complexes containing Group IIIB and Group 
IVB ligands 115a 

Chemistry of compounds containing Si—M bonds 242 


Published work abstracted covers the period up to the end of 1971. 
References are not always given to preliminary notes and conference 
reports when full papers are available. A number of relevant reviews exists 
(see Table I). 

II 

ORGANOMETALLIC COMPLEXES WITH 
SILICON-TRANSITION METAL BONDS 

A. Introduction and General Survey 

Silicon-transition metal chemistry is a relatively new area. The work of 
Hein and his associates (1941) on Sn—Co derivatives established the 
possibility of forming bonds between a Group IVB metal and a transition 
element (139), but it was another fifteen years before CpFe(CO) 2 SiMe 3 
(203), the first of many silyl derivatives, was synthesized. The interest in 
these compounds derives from (1) comparison with the corresponding 
alkyl- and Ge-, Sn-, and Pb- transition metal (M) complexes, including 
the role of 7r-back-bonding from filled d„ orbitals of M into empty d„ 
orbitals on Si (or other Group IVB metal), and (2) expectation of useful 
catalytic properties from such heteronuclear derivatives. 

The majority of transition metal silyls (data for which are listed in Table 
II) contain simply one or more -SiR,R 2 Rj groupings, where the groups R 



TABLE II 


Compounds with Silicon-Transition Metal (R 3 Si—M) Bonds 


Compounds 

Method of 
preparation® 

References 

Compounds 

Method of 
preparation® 

References 

(Ph 3 Si) 4 Ti 

2 

140 

Ph 3 SiMn(CO) 5 

4 

94, 103, 153 

(Ph 3 Si) 3 TiCp 2 

2 

140 

Ph 3 SiMn(CO) 4 PPh 3 

4, 9 

103, 217 




Ph 3 SiMn(CO) 3 (diphos) 

9 

103 

Ph 3 SiZrClCp 3 

2 

48, 166 

Ph 3 SiMn(CO) 3 (dipy) 

9 

103 

Ph 3 SiHfClCp 3 

2 

165,166 

m-Ph 3 SiMnH(CO) 2 (,r-C5H 4 Me) 

8 

150 




(C 6 F s ) 3 SiMn(CO) 5 

4 

217 

H 3 SiCr(CO) 3 Cp 

1 

124 

(C 6 F s ) 3 SiMn(CO) 4 PPh 3 

4,9 

217 

(Cl 3 Si)jCr(CO)j(7r-C 6 H 6 ) 

8/5 

150 

F 3 SiMn(CO) 5 

4 

218 

CH-Cl 3 SiCrH(CO)j(7r-C 6 H 6 ) 

8 

149,150 

F 3 SiMn(CO) 4 PPh 3 

9 

218 




CI 3 SiMn(CO) 5 

4 

148 

H 3 SiMo(CO) 3 Cp 

1 

124 

c«-Cl 3 SiMnH(CO) 2 Cp 

8 

149,150 

Me 3 SiMo(CO) 3 Cp 

7 

47,48 

w-CI 3 SiMnD(CO) 2 Cp 

8 

150 

Cl 3 SiMo(CO) 3 Cp 

4 

148 

C1*H 3 _ 4 SiMn(CO) s , * = 1-3 

10 

10 




(Cl 3 Si)RMn(CO) 2 Cp, 

9 

152 

H 3 SiW(CO) 3 Cp 

1 

124 

R = Cl 3 Sn, Cl 2 PhSn, ClPh 2 Sn 



Me 3 SiW(CO) 3 Cp 

7 

47,48 

(Cl 3 Si)(CI 3 Sn)Mn(CO) 2 (ir-C 5 H 4 Me) 

9 

152 




[Cl 3 SiMn(CO) 2 (ir-C 5 H 4 Me)] 2 

9 

152 

H 3 SiMn(CO) 5 

1 

10 

SnCl 2 



D 3 SiMn(CO) 5 

1 

234 

[Cl 3 SiMn(CO) 2 Cp]Et 3 NH + or 

9 

152 

Me 3 SiMn(CO) 5 

1,4,5 

31 

Et 4 N + 



Me 3 SiMn(CO)„PF 3 

9 

31 




Me 3 SiSiMe 2 Mn(CO) 5 

4 

195 




(Me 3 Si) 2 SiMeMn(CO) 5 

4 

195 




(Me 3 Si) 3 SiMn(CO) 5 

4 

195 





and Si—C—M Transition Metal Comple> 



TABLE II —continued 


Method of Method of 

Compounds preparation” References Compounds preparation” References 


PhjSiRe(CO) s 4 

(C 6 F 5 ) 3 SiRe(CO) 5 4 

F 3 SiRe(CO) 5 4 

F 3 SiRe(CO) 4 PPh 3 9 

Cl 3 SiRe(CO) 5 4 

(H 3 Si) 2 Fe(CO) 4 1 

H 3 SiFeH(CO) 4 1 

(D 3 Si) 2 Fe(CO) 4 1 

H 3 SiFe(CO) 3 Cp 2 

Me 3 SiFe(CO) 3 Cp 1 

Me 3 SiFe(CO)PPh 3 Cp 9 

Me 3 SiFe(CO)P(OPh) 3 Cp 9 

Me 3 SiFe(diphos)Cp 9 

Me 3 SiFe(Ph 2 PCH==CHPPh 3 )Cp 9 
Me 3 SiFeH(CO) 3 Cp 
Me 3 Si(SiMe 2 ) B Fe(CO) 2 Cp, 1 

n = 1-3 

(Me 2 Si)„[Fe(CO) 2 Cp] 2 , n = 2, 3 1 

(Me 2 SiC 2 H 4 SiMe 2 )[Fe(CO) 2 Cp] 2 1 
Me 2 HSiFe(CO) 2 Cp 1 

(Et 3 Si) 2 Fe(CO) 4 4 

Ph 3 SiFe(CO) 2 Cp 

cw-Ph 3 SiFeH(CO) 4 8 

Ph 3 SiFe(CO) 4 ~ 


94, 153 

217 

218 
218 
148 


Ph Ph 



Fe(CO) 2 Cp 

Ph 


12 

12 

234a 

4 

163, 191a, 
203 

163, 199 

163 

163 

163 
181 

164 

164 

164 

164 

156 

201 

150 

152,171 


(C*F 5 ) 3 SiFe(CO) 2 Cp 

F 3 SiFe(CO) 2 Cp 

(Cl 3 Si) 2 Fe(CO)„ 

(Cl 3 Si) 2 FeH(CO)Cp 
(Cl 3 Si) 2 FeH(CO) (ir-C s H 4 Me) 
[(a 3 Si) 2 Fe(CO)Cp]-[CpFe(CO) 3 r 
[(Cl 3 Si) 2 Fe(CO)Cp]-[Ph 4 As] + 
[(Cl 3 Si) 2 Fe(CO) (ir-C s H*Me)r 
[(,r-C 5 H 4 Me)Fe(CO) 3 ] + 
(Cl 3 Si) 2 Fe(diphos) 2 
cis-Cl 3 SiFeH(CO) 4 
[Cl 3 SiFe(CO) 4 ] 2 
Cl 3 SiFe(CO) 2 Cp 
CljSiFeH(diphos) 
Cl 3 SiFeX(diphos) 2> X = H, Cl 
[Cl 3 SiFe(CO) 4 ] 2 SnCl 2 
(Cl 3 Si)RFe(CO) 4 , R = Cl 3 Sn, 
Cl 2 PhSn 

[Cl 3 SiFe(CO) 4 ]-Et 4 N + or Me 4 N + 
Cl 2 MeSiFe(CO) 2 Cp 
Cl 2 PhSiFe(CO) 2 Cp 
ClPh 2 SiFe(CO) 2 Cp 


1 91 


4 217 

10 187 

4 148,150, 156 

4 150, 151 

4 151 

4 151 

9 151 

4 151 


n 


8/5 177 

8 149, 150 

9 150 

1,4 35,148,151,194 

8 177 
17 7 

9 152 

9 152 


152 

148, 193 

194 

194 
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(Me 3 Si) 2 Ru(CO) 4 4,9 169 

(Me 3 Si) 2 Ru(CO) 2 (PEt 3 ) 2 6 169 

(Me 3 Si) 2 Ru(CO) 2 (PPh 3 ) 2 6, 8,9 169 

Me 3 SiRu(CO) 4 X, [Me 3 SiRu(CO) 4 ]-, 

X = Me 3 Sn, Ph 3 Sn, Ph 3 PAu, 9 169 

Mn(CO) s , Bu 3 Ge 

X = I, Br, Re(CO) s 9 6 

X = Os(CO) 4 SiMe 3 9 170 

Me 3 SiRu(CO) 3 (PPh 3 )X, X = I, H 9 6 

[Me 3 SiRu(CO) 4 ] 2 4 169 

[Me 3 SiRu(CO) 3 X] 2> X - Br, I 9 6 

[Et 3 SiRu(CO) 4 ] 2 4 169 

Et 3 SiRu(CO) 4 SnMe 3 9 169 

[Pr 3 SiRu(CO) 4 ] 2 4 169 

[Ph 3 SiRu(CO) 4 ] 2 4 769 

[(EtO) 3 SiRu(CO) 4 ] 2 4 /69 

(Cl 3 Si) 2 Ru(CO) 4 4 169 

(Cl 3 Si) 2 Ru(CO) 2 (PPh 3 ) 2 9 169 

[Cl 3 SiRu(CO) 4 ] 2 4 169 

Cl 3 SiRu(CO) 4 Br 9 6 

Cl 3 SiRu(CO) 2 Cp 4 35 

tCl 2 MeSiRu(CO) 4 ] 2 4 169 




TABLE II— continued 


Method of 

Compounds preparation* References 


Compounds 


Method of 

preparation* References 


Ph 3 SiCo(CO)jPPh 3 

1 

92 HPh 3 SiRhH(Cl)(PPh 3 ) 2 

8 

60 



Me 3 SiRhH(Cl)(PPh 3 ) 2 

8 

60, 135 

O—H—O 

) Py | 


Me 3 SiRhH(CO)Cl(PEt 3 ) 2 

8 

60 



Me(OSiMe 3 ) 2 SiRhH(Cl)(PPh 3 ) 2 

8 

113 

MeC^VJ^/ = CMe 

6 

216a Et 3 SiRhH(X)(PPh 3 ) 2 , X = Cl, Br 

8 

135 

MeC^M^ 1 X N s CMe 


Ph 3 SiRhH(Cl)(PPh 3 ) 2 

8 

135 

1 SiPhj 1 


(EtO) 3 SiRhH(X)(PPh 3 ) 2 , X = Cl, 

8 

135 

O—H—O 


Br, I 





(EtO) 3 SiRhH(Cl)(AsPh 3 ) 2 

8 

135 

PhMeRSiCo(CO) 4 , 

4 

223 (EtO) 3 SiRhH(Cl)(SbPh 3 ) 2 

8 

135 

R = a-naphthyl, neopentyl 


(Cl 3 Si) 3 Rh(PPh 3 ) 2 

5/8 

113 

(C 6 F s ) 3 SiCo(CO) 4 

4 

217 (Cl 3 Si) 2 RhCl(PPh 3 ) 2 

5 

135 

(MeO) 3 SiCo(CO) 4 

4 

56,155,156 (Cl 3 Si) 2 RhCl(cyclooctadiene) 

8/5 

113 

(EtO) 3 SiCo(CO) 4 

4 

57 (Cl 3 Si) 2 Rh(C 2 H 4 )Cp 

8/5 

113 

(EtO) 3 SiCoH 2 (PPh 3 )j 

8 

5 (Cl 3 Si) 2 Rh(cyciooctene)Cp 

8 

113 

F 3 SiCo(CO) 4 

4,10 

125,126,187, Cl 3 SiRh(X)(PPh 3 ) 2 , X - Cl 

8 

60, 135 



189, 210 X = Br, I 

8 

135 

F 3 SiCoHj(PPh 3 ) 2 

8 

5 Cl 3 SiRhH(Cl)(AsPh 3 ) 2 

8 

135 

F 3 MeSiCo(CO) 4 

4,5 

116,117 Cl 3 SiRhH(Cl)(SbPh 3 ) 2 

8 

135 

(CI 3 Si) 2 Co(CO)Cp 


121,175 CI 3 SiRhH(CO)Cl(PPh 3 ) 2 

8 

60, 135 

Cl 3 SiCo(CO) 4 

4,5 

13,14, 56, 57 Cl 3 SiRhH(CO)Cl(PEt 3 ) 2 

8 

60 



95,125,155, Cl 3 SiRhH(CO)Cl(solvent) 2 


60 



156,189,206 Cl 2 MeSiRhH(Cl)(PPh 3 ) 2 

8 

60,135 

Cl 3 SiCo(CO) 3 PEt 3 

9 

156 Cl 2 MeSiRhH(Br)(PPh 3 ) 2 

8 

135 

Cl 3 SiCo(CO) 3 PF 3 


182 Cl 2 MeSiRhH(CO)Cl(PEt 3 ) 2 

8 

60 

Cl 3 SiCo(CO) 3 PBu 3 

9 

196a Cl 2 EtSiRhH(X)(PPh 3 ) 2 , X = Cl, Br 

8 

135 

Cl 3 SiCoH(CO)Cp 

8 

149, 150 ClMe 2 SiRhH(X)(PPh 3 ) 2 , X = Cl, Br 

8 

135 

Cl 3 PhSiCo(CO) 4 

4 

56, 57,125 ClEt 2 SiRhH(X)(PPh 3 ) 2 , X = Cl, Br 

8 

135 



(PhCH 2 ) 3 SiRhH(CO)Cp 

8 

196b 



Ph 3 SiRhH(CO)Cp 

8 

196b 



Ph 3 SiRh(PF 3 ) 4 

4, 5 

25b 


p 


O 

O 



(EtO) 3 SiRh(PF 3 ) 4 4, 5 


(Cl 3 Si) 2 Rh(CO)Cp 8/5 196b 

Cl 3 SiRh(PF 3 ) 4 4, 5 25b 

(Cl 2 MeSi) 2 Rh(CO)Cp 8/5 196b 

(Me 3 Si) 2 Ir(HgSiMe 3 )CO(PEt 3 ) 2 3/8 141 

Et 3 SiIrH 2 (CO)(PPh 3 ) 2 8 51 

Ph 3 SiIrH 2 (CO)(PPh 3 ) 2 8 131 

Ph 3 SiIr(PF 3 ) 4 4. 5 25b 

(EtO) 3 SiIrH(CO)Cl(PPh 3 ) 2 8 55 

(EtO) 3 SiIrH 2 (CO)(PPh 3 ) 2 8 51, 131 

[(EtO) 3 SiIrH(diphos) 2 ] + [BPh 4 ]“ 8 133 

Cl 3 SiIrH(CO)Cl(PPh 3 ) 2 8 55 

Cl 3 SiIrH 2 (CO)(PPh 3 ) 2 8 131 

Cl 2 EtSiIrH(CO)Cl(PPh 3 ) 2 8 55 

Cl 2 PhSiIrH(CO)Cl(PPh 3 ) 2 8 55 

[Ph 3 SiNi(CO) 3 ]-Li + -2THF 171 

[Ph 3 SiNi(CO) 3 ]-Me 4 N + 171 

(Cl 3 Si) 2 Ni(dipy) 167 

Cl 3 SiNi(CO)Cp 4 148 

Cl 3 SiNi(PPh 3 )Cp 6 216 

(Cl 2 MeSi) 2 Ni(dipy) 167 

/ranr-H 3 SiPtX(PEt 3 ) 2 ,X = Cl, 5 27 

Br, I 

trans-Hj FSiPtCl(PEt 3 ) 2 5 27 

trans-H 2 ClSiPtX(PEt 3 ) 2 , 5 27 

X = Cl, Br, I 

H 2 ClSiPtI 2 (H)(PEt 3 ) 2 8 27 

*ranr-H 2 BrSiPtX(PEt 3 ) 2 , 5 27 

X = Br, I 

<rani-H 2 ISiPtI(PEt 3 ) 2 5 27 

H 2 ISiPtI 2 (H)(PEt 3 ) 2 8 27 

*ranr-H 2 (NMe 2 )SiPtCl(PEt 3 ) 2 5 27 


franr-HCl 2 SiPtX(PEt 3 ) 2 , 5 

X = Cl, I 

fra»ij-HI 2 SiPtI(PEt 3 ) 2 5 

(HPh 2 Si) 2 Pt(diphos) 8 

(Me 3 Si) 2 Pt(diphos) 3 

Me 3 SiPtCl(diphos) 3 

tranr-Me 3 SiPtCl(PEt 3 ) 2 3 

<ram-Me 3 SiPt(GePh 3 )(PEt 3 ) 2 9 

[Me 3 SiPt(PEt 3 )diphos] + X~, 9 

X = Cl, BPh„ 

«s-(Me 2 PhSi) 2 Pt(PMePh 2 ) 2 2 

«t-(MePh 2 Si) 2 Pt(PMe 2 Ph) 2 2 

(MePh 2 Si) 2 Pt(diphos) 2, 1 

tranj-(MePh 2 Si)PtCl(QMe 2 Ph) 2 , 6 

Q = P, As 

(+)-franr-PhMe( «-Np)SiPtCl(PMe 2 Ph) 2 6 
Ph 3 SiPt(H)(PEt 3 ) 2 2 

iram-Ph 3 SiPtCl(PMe 2 Ph) 2 5 

iranr-Ph 3 SiPtBr(PMe 2 Ph) 2 6 

fram-Ph 3 SiPtCl(AsMe 2 Ph) 2 6 

franj-Ph 3 SiPtX(PMe 2 Ph) 2 , X = I, 9 

SCN, N 3 , SnCI 3 , SnBr 3 , InCl 2 , 

C 6 H 5 , m- or />-C 4 H 4 F 
cw-Ph 3 SlPt(C 4 F s )(PMe 2 Ph) 2 9 

franr-Ph 3 SiPtX(AsMe 2 Ph) 2 , 9 

X = Br, I, SCN, N 3 

traiu-R 3 SiPtCl(PMe 2 Ph) 2 , 5 

R = C 6 F 5 , m-FC 6 H,, p-ClC 6 H„ 
m-CFjQH,, p-CF 3 C 6 H„, 
p-MeC 6 H 4 , />-MeOC 6 H 4 , 
p-Me 2 NC 6 H 4 

<rans-R 3 SiPtBr(PMe 2 Ph) 2 , 5 

R = p-ClC 6 H„, m-CF 3 C 6 H 4 , 
p-MeC 6 H 4 


lomple) 



TABLE II —continued 


S 


Compounds 

Method of 
preparation® 

References 

Compounds 

Method of 
preparation® 

References 

tranj-R 3 SiPtCl(PMe 2 Ph) 2 , 

6 

63 

(Ph 2 BrSi) 2 Pt(diphos) 

7 

65 

R = to-C 1C 6 H 4 , m-MeC 6 H 4 



cis-(Cl 3 Si) 2 Pt(PPh 3 ) 2 

8 

65, 215 

trans-R 3 SiPtBr(PMe 2 Ph) 2 , 

6 

63 

(Cl 3 Si) 2 Pt(diphos) 

8 

65 

R = p-Me 2 NC 6 H 4 



(CljSi)PtH(diphos) 

8 

65 

tranr-R 3 SiPtCl(AsMe 2 Ph) 2 , 

6 

63 

troni-(Cl 3 Si)PtCl(PEt 3 ) 2 

5 

21 

R = m-FC 6 H 4 , m-ClQ,H 4 , 



(Cl 3 SiPtPCl 3 L 

6 

237 

/>-ClC„H 4 , m-MeC 6 H 4 , 



m-(Cl 2 MeSi) 2 Pt(PPh 3 ) 2 

8 

90, 110a, 240 

p-MeC 6 H 4 , m-CF 3 C 6 H 4 , 



cis-Cl 2 MeSiPtH(PPh 3 ) 2 

5 

90, 110a, 240 

p-CF 3 C 6 H 4 , p-Me 2 NC 6 H 4 , 





p-MeOC 6 H 4 



[Ph 3 SiCu] 


111 

m-R 3 SiPtH(PPh 3 ) 2 , 

8 

65 




R = to-FC 6 H 4 , />-FC 6 H 4 , 



PhjSiAuPPh, 


15 

m-CF 3 C 6 H 4 , p-CF 3 —C s H 4 






“ Numbers refer to 1, reaction of a transition metal anion with a silicon halide; 2, reaction of an alkali metal silyl with a transition metal 
halide; 3, the mercurial route; 4, reaction of an SiH compound involving cleavage of a metal-metal bond; 5, reaction of an SiH compound 
with a transition metal hydride involving elimination of H 2 ; 6, elimination of a hydrogen halide; 7, elimination of an amine; 8, oxidative 
addition or elimination; 9, from an SiM precursor, involving substitution at M; 10, from an SiM precursor, involving substitution at Si; 
11, from an Si 2 M precursor, involving cleavage of one SiM bond. 

Diphos = Ph 2 PCH 2 CH 2 PPh 2 . 
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are usually alkyl, aryl, hydrogen, halogen, alkoxy, silyl, or polysilyl. There 
exists, however, a smaller family of more complex compounds, listed in 
Table III, which are discussed in Section II,E. Unsubstantiated patent 
reports (118), covering derivatives of Ti, Zr, V, Nb, Ta, W, Mn, Re, and Ni 
are excluded, and a report of titanium complexes (140) has been questioned 
(166). 

The distribution of silyls among the transition elements is rather similar 
to that of the alkyls; complexes are generally diamagnetic and formal 
oxidation states of +4 (Ti, Zr, Hf, Fe, Pt), +3 (Mn, Co, Rh, Ir), +2 (Cr, Mo, 
W, Fe, Ru, Os, Ni, Pt), +1 (Mn, Re, Co, Cu, Au), and 0 (Fe, Ru, Os, Ni) are 
represented. Derivatives of Group V metals, Ag and Tc are still unknown, 
and of Groups IVA and IB are rare. Derivatives of Group VI, Mn, Re, the 
iron group, and Co are mostly carbonyls or cyclopentadienyl carbonyls. The 
growing number of compounds of Rh, Ir, and Pt reflects the current interest 
in the platinum metals in general and the utilization in synthesis of oxidative 
addition (or elimination).. Silyls and alkyls of Ni, especially those not 
containing the stabilizing CpNi(L) unit, are still a rarity, and no well- 
characterized [but see Section II,B,5] Pd derivative has yet been reported. 
A more extensive silicon chemistry of Ni, Pd, and the early transition metals 


TABLE III 

Silicon-Transition Metal Complexes with Special Structural Features 


Compounds 

Comments 

References 

(Et 2 Si) 2 H 2 W 2 (CO) a 

2Si—H—W bridges 

26, 26a 

(Ph 2 Si) 2 [Mn(CO),] 2 

Si—Mn—Si—Mn metallo- 

142 

Ph 3 SiHMn(CO) 2 Cp 

Si—H—Mn bridge located 
(X-ray) 

26, 120 

Me 2 SiH 3 Re 2 (CO)„ 

) 

108, 143 

Ph 2 SiH 3 Re 3 (CO) 8 

>2 Si—H—Re bridges 

143 

Ph 2 SiD 3 Re 2 (CO) 8 

I 

143 

(Et 2 SiH 2 ) 2 Re 2 (CO) 6 

4 Si—H—Re bridges 

26 

[Me 3 SiHFe(CO) 4 ] 2 

1 

192, 192a 

[(Me 3 Si) 2 Fe(CO) 4 ] 2 

| See Section II,E,6 

192, 192a 

(Me 3 Si) 3 Fe 2 (CO) 7 

2 (Me 2 Si) bridges and 1 CO 
bridge 

174 



262 


C. S. CUNDY, B. M. KINGSTON, and M. F. LAPPERT 


TABLE 111 —continued 


Compounds 

Comments 

References 

[R 2 Si(CH 2 ) 3 ]Fe(CO) 4 , 1 

R 2 = Me 2> (OMe) 2 , MeCl | 

[Me 2 Si{CH 2 (SiMe 2 )CH 2 }]Fe(CO) 4 1 

Metallocycle derivatives of 
silacyclobutanes 

89,90 

[Me 2 Si(CH 2 C 6 H 4 )]Fe(CO) 4 1 

Ph 2 Si Fe 2 (CO) 3 Cp 2 


68 

[Cl 2 SiFe(CO) 4 ] 3 

Si—Fe—Si—Fe metallo¬ 
cycle 

96, 148 

Me 3 SiRu(CO)3(SiMe 2 ) 2 (CO) 3 RuSiMe 3 

2 (Me 2 Si) bridges 

39 

(CO) 3 Ru(SiMe 2 ) 3 Ru(CO) 3 

3 (Me 2 Si) bridges 

39 

Me 3 SiOs(CO) 3 (SiMe 2 ) 2 (CO) 3 OsSiMe 3 

2 (Me 2 Si) bridges 

39 

[Me 2 SiOs(CO) 3 ] 3 

3 (Me 2 Si) bridges 

39 

(CH 2 =CH)SiCo 3 (CO), 

^Clusters with Co—Co 

161 

[SiCo 3 (CO),] 2 

) bonds( ?) 

162 

Ph 2 SiCo 2 (CO) 7 

1 (Ph 2 Si) bridge and 1 CO 

18 

PhSi[Co 3 (CO) n ] 

1 [(CO) 4 Co]PhSi bridge 
and 1 CO bridge 

18 

R 3 SiCo 3 (CO) 1( >, R = Me, Ph 

R 3 Si—O— bonded to 
CCo 3 (CO) 4 cluster 

183 

R 2 SiCo 4 (CO), 4> R - Et, Ph 

(CO) 4 CoSi—O— bonded to 
CCo 3 (CO) 9 cluster 

110 

[(diphos) 2 CoH 2 ] + [SiXYZ] _ 

XYZ = Cl 3 Cl 2 Me, ClMe 2 , ClPh 2 

Silyl group present as 
anion( ?) 

177 

[Cl 2 SiNi(PPh 3 ) 2 ]x 

Si—Ni—Si—Ni metallo¬ 
cycle (* = 2)( ?) 

177 

[(diphos) 2 NiX]+[SiCl 3 ]- 

Silyl group present as anion( ?) 

177 

X = H or SiCl 3 

(X 2 Si) 2 Pt(PPh 3 ) 2 , 

Silylene ligands( ?) 

215 

X = Cl or Br 

(Cl 2 MeSi) 2 Pt 2 (PPh 3 ) 4 

Mixed valence dimer with 
bridging (SiMeCl 2 ) 
groups 

110a 


will undoubtedly develop as the problems of ancillary ligand selection and 
experimental technique in these reactive systems are overcome. In general, 
electronegative substituents at Si give greater stability (e.g., decreasing 
stability in the order Cl 3 Si > Ar 3 Si > R 3 Si), a situation parallel to that 
found for alkyls. Unsubstituted silyl compounds (H 3 Si—M) are less stable 
than higher homologs (e.g., Me 3 Si—M). This contrasts with the alkyls 
(H 3 C—M usually more stable than C 2 H 5 —M), for which an olefin- 
elimination pathway in higher homologs provides a common decomposition 
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route; this is not available for silicon analogs; sila-olefins, ^Si=C^, are 
unknown. 

Nearly all the presently known compounds contain one or more 7r-acceptor 
ligands (e.g., CO, Cp, R 3 P) on the transition metal. These ligands may, as 
has classically been assumed for alkyls (72), dissipate some of the negative 
charge density on the central metal. However, it will be stressed later 
(Section IV) that such stabilizing ligands are unnecessary, and their role may 
in any case be more complex. 


B. The Synthesis of Compounds with Silicon-Transition Metal 
(R 3 Si — M) Bonds 

The major synthetic routes to transition metal silyls fall into four main 
classes: (1) salt elimination, (2) the mercurial route, a modification of (1), 
(3) elimination of a covalent molecule (H 2 , HHal, or R 2 NH), and (4) 
oxidative addition or elimination. Additionally, (5) there are syntheses from 
Si—M precursors. Reactions (1), (2), and (4), but not (3), have precedence 
in C—M chemistry. Insertion reactions of Si(II) species (silylenes) have not 
yet been used to form Si—M bonds, although work may be stimulated by 
recent reports of Me 2 Si: (147) and F 2 Si: (185). A new development has been 
the use of a strained silicon heterocycle as starting material (Section II,E,4). 

1. Salt Elimination-. Reaction of a Transition Metal Anion with a Silicon 
Halide 

Salt elimination was used by Piper, Lemal, and Wilkinson (203) to obtain 
the first compound containing an Si—M bond [Eq. (1)]. The same procedure 


Na[CpFe(CO) 2 ] + Me,SiCl T ^ -> Me 3 SiFe(CO) 2 Cp + NaCl (1) 

afforded a series of stable polysilyl derivatives (164) [E q. (2) (n = 1,2,3)] a nd 
cyclic silicon compounds: [Eq. (3)] (91) and CpFe(CO) 2 ^i(Me)CH 2 CH 2 CH 2 
(90). 


Na[CpFe(CO) 2 ] + Me 3 Si(SiMe 2 )„Cl 
Ph Ph p . 


f Si' 


Me 3 Si(SiMe 2 )„Fe(CO) 2 Cp + NaCl (2) 

Ph Ph Ph 
[=\ / Ph 

Si + NaCl 


Na[CpFe(CO) 2 ] 


Fe(CO) 2 Cp 


(3) 
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Ph 3 SiCo(CO) 3 PPh 3 was similarly obtained from Na[Co(CO) 3 PPh 3 ] (92). 
However, such reactions have often failed to yield an Si—M complex, and 
disiloxanes were isolated (92,92a). It was concluded that the oxygen derived 
from the carbonyl groups of the anions, and that the primary reaction 
involves nucleophilic attack by the carbonyl oxygen. This view is supported 
by the isolation of compounds containing Si—O—C—M linkages from 
reactions of Na 2 Fe(CO) 4 (in THF) (192) and Li[Co 3 (CO), 0 ] (in diethyl 
ether) (183) (see Section II,E,6). 

H 3 SiCo(CO) 4 , H 2 Si[Co(CO) 4 ] 2 , and H 3 SiMn(CO) 5 were prepared from 
the appropriate carbonyl anion and halosilane in the presence of an ether 
(10), whereas Na 2 Fe(CO) 4 and H 3 SiI, after removal of THF, gave 
(H 3 Si) 2 Fe(CO) 4 and H 3 Si(H)Fe(CO) 4 (12). Me 3 SiMn(CO) 5 (36%) was 
obtained from liquid Me 3 SiCl and solid NaMn(CO) 5 in the absence of 
solvent (31) ; reactions according to Eq. (4) (M = Cr, Mo, W) (20-40%) were 
also conducted in the absence of solvents (124). 

H 3 SiBr + K[CpM(CO)j] — H,SiM(CO)jCp + KBr (4) 

2. Salt Elimination: Reaction of an Alkali Metal Silyl with a Transition 

Metal Halide 

Equations (5)-(8) illustrate the use of this reverse salt elimination 
procedure. 

2 Ph 2 MeSiLi + «i-(PhMe 2 P) 2 PtCl 2 -—-*• eu-(Ph 2 MeSi) 2 Pt(PhMe 2 P) 2 

+ 2 LiCl (5) 

PhjSiLi + PhjPAuCl -—-► PhjSiAuPPhj + LiCl (6) 

{166) 

PhjSiLi + Cp 2 MCl 2 (M=z Hf) » Ph 3 SiM(Cl)Cp 2 + LiCl (7) 

HjSiK + CpFe(CO) 2 Br -—-► HjSiFe(CO) 2 Cp + KBr (8) 

Limitations common to both salt elimination methods 1 and 2 are (a) the 
required product may be difficult to separate from the alkali metal halide, 
(b) reactions are best carried out in the solvent (usually an ether) in which 
the initial alkali metal derivative is prepared, (c) difficulties may arise through 
metal-halogen exchange (201), and (d) the range of starting anions is 
limited [e.g., X 3 Si~ compounds are only readily formed when X = H or Ar, 
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and suitable transition metal anions are CpM(CO)„ _ (M = Cr, Mo, W, with 
n = 3; M = Fe, with n = 2), Mn(CO) 5 - Re(CO) s - Co(CO) 4 " and 
Fe(CO) 4 2- ]. 

3. The Mercurial Route 

A particular case of the limitation (d) of the preceding paragraph arises 
since the peralkyl derivatives of alkali metals are not readily accessible (112, 
214). This problem has been overcome in some cases [Eqs. (9), (10); 
n= 1 or 2] by the use of a mercurial silylating agent, but the method has not 

tu-(Et 3 P) 2 PtCI 2 + (Me 3 Si) 2 Hg ( ' M> — >• irani-Me 3 SiPtCl(PEt 3 ) 2 + MejSiCl + Hg (9) 

(diphos)PtCl 2 + n(Me 3 Si) 2 Hg i * (Me 3 Si)«PtCl 2 -,(diphos) 

+ «Me 3 SiCl + nHg (10) 

been widely used. The failure to introduce two trimethylsilyl groups in this 
way when the nonchelating Et 3 P was used was ascribed to the high trans 
effect of the silyl ligand (61, 71). A more complex reaction, involving both 
halogen replacement and oxidative addition, is shown in Eq. (11) (141). 

(M “ Si, Ge) 

tra«-(Et 3 P) 2 Ir(CO)Cl + 2 Hg(MMe 3 ) 2 (Me 3 M) 2 Ir(CO)HgMMe 3 (PEt 3 ) 2 

+ Hg + Me 3 MCl (11) 


4. Hydrogen Elimination 

Two closely related reactions, (a) and (b), illustrated by Eq. (12) 
(R 3 = HPh 2 , Et 3 , Ph 3 , Cl 3 , Cl 2 Ph) and (13), of silicon hydrides with transi¬ 
tion metal complexes generate compounds with Si—M bonds with elimi¬ 
nation of hydrogen: (a) cleavage of metal-metal bonds and (b) reaction with 
transition metal hydrides. Reactions discussed in this section are relevant to 

Co 2 (CO), + 2 R 3 SiH (57> > 2 R 3 SiCo(CO) 4 + H 2 (12) 

HMn(CO)j + Me 3 SiH (Ji) > Me 3 SiMn(CO) 5 + H 2 (13) 


hydrosilylation (Section III). The reaction sequence proposed for Eq. (12) 



266 


C. S. CUNDY, B. M. KINGSTON, and M. F. LAPPERT 


is shown in Eqs. (14) and (15); by using the stoichiometry of Eq. (14), 
HCo(CO) 4 was isolated (57). 

Co 2 (CO), + RjSiH — HCo(CO) 4 + R 3 SiCo(CO) 4 (14) 

HCo(CO) 4 + RjSiH — R 3 SiCo(CO) 4 + H 2 (15) 

Me 3 SiMn(CO) 3 has also been obtained from Mn 2 (CO) 10 , and HMn(CO) 5 
was a postulated intermediate (31). Thus, method (a) comprises a formally 
oxidative M—M cleavage and a subsequent hydrogen elimination between 
Si—H and H—M moieties. 

The synthesis of the first optically active compound is illustrated in Eq. 
(16); it was obtained with retention (>85%) of configuration about silicon 
(223). 

2(«-Np)PhMeSiH + Co 2 (CO), — 2(«-Np)PhMeSiCo(CO) 4 + H 2 (16) 

The reaction of [CpFe(CO) 2 ] 2 with Cl 3 SiH gave four complexes 
{Cl 3 SiFe(CO) 2 Cp, (Cl 3 Si) 2 FeH(CO)Cp, [CpFe(CO) 3 ] + [(Cl 3 Si) 2 Fe(CO)- 
Cp]~, and [CpFe(CO) 3 ] + FeCl 4 -} (151). (Cl 3 Si) 2 FeH(CO)Cp is remarkable 
in being highly dissociated in MeCN, and is second only to HC10 4 in acid 
strength in MeCN; addition of [Ph 4 As] + Cl~ gives [Ph 4 As] + [(Cl 3 Si) 2 - 
Fe(CO)Cp]". 

Reactions of R 3 SiH and M 3 (CO), 2 (M = Fe, Ru, Os) gave various 
complexes: (R 3 Si) 2 M(CO) 4 [M = Fe (156), Ru (169), Os (170)]-, and 
R 3 SiM(CO) 4 —(CO) 4 MSiR 3 [M = Ru (169), Os (170)]. Hydrides, e.g., 
R 3 SiOs(CO) 4 H, were also isolated and these were regarded as the probable 
initial products (170). 

The discovery of the reversibility of the system of Eq. (17) (62) has led to a 
useful synthesis of Si—Pt complexes (63). 

/rarw-(Ph 2 MeSi)PtCl(PPhMe 2 ) 2 + H 2 ^ Jrans-(Me 2 PhP) 2 PtCl(H) + PhjMeSiH (17) 

The ease of such reactions is dependent on ligands attached to Pt and Si. 
Thus, Zranr-(Me 2 PhP) 2 PtHCl gave complexes with a number of triaryl- 
silanes, whereas /ranf-(Et 3 P) 2 PtHCl did not react with Ph 3 SiH, and 
/ra/w-(Ph 3 P) 2 PtHCl underwent only slow chlorination with Cl 3 SiH (63). 
However, /ranr-(Et 3 P) 2 PtHX reacted readily with (among others) the 
compounds H 3 SiX (X = Cl, Br, I) to form tranr-H 2 XSiPtX(PEt 3 ) 2 (27). 

Hydrogenation of silylplatinum(II) complexes is further discussed in 
Section II,C,3,c. 
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An obvious limitation to the hydrogen-elimination method, especially for 
early transition metal elements, is the availability of transition metal hydrides 
(this applies also to the HC1 elimination) or binuclear complexes. 

5. Hydrogen Halide Elimination 

Reactions of silicon hydrides with m-(R 3 P) 2 PtCl 2 (R = Bu, Ph) have been 
widely investigated. Alkyl- and aryl-silanes underwent metathetical H/Cl 
exchange [Eq.. (18) (R' - Et, Ph, PhCH 2 , C 6 H I3 )] (55). 

«j-(R 3 P) 2 PtCl 2 + R'jSiH — tram-(R 3 P)jPtHCl + R'jSiCl (18) 

Silanes with electronegative ligands did not react, except in the presence of 
the tertiary base Et 3 N [e.g., Eq. (19)] (62, 63). This then provides an 
attractive route to Si—Pt(II) compounds since the starting materials are 
readily available and the reaction gives pure products in high (60-90%) 
yields. Only aromatic phosphine Pt complexes reacted readily, and the use 
of an excess of silane failed to bring about replacement of the second halogen 
atom. 

cij-(Me 2 PhP) 2 PtCl a + RjSiH + Et 3 N — tram-R 3 SiPtCl(PPhMe 2 ) 2 + Et 3 NHCl (19) 

A Ru—Si complex (169), a cobaloxime derivative (216a), a Ni complex 
(216), and the reported Pd compound (obtained in an impure state) (158) 
have also been made [Eqs. (20)-(23)]. 

(Et 3 P) 3 Ru(CO) 2 H 2 + 2Me 3 SiCl — (Me 3 Si) 2 Ru(CO) 2 (PEt 3 ) 2 + 2HC1 (20) 

O—H— O 

p y Py Jl iL 

I n I MeC \ / X CMe 

[Co] - 3S CI > [Co] where [Co] is I Co I (21) 

I I MeC^ / \ CMe 

H SiPh 3 N 

I I 
O—H—O 

Cp 3 Ni + (Ph 3 P) 2 NiCl 2 + 2HSiCl 3 — 2Cl 3 SiNi(PPh 3 )Cp + 2HC1 (22) 
(Me 2 PhP) 2 PdCl 2 + Ph 3 SiH + Et 3 N — EtjNHCl + Ph 3 SiPdCl(PPh 2 Me) 3 (23) 

6. Amine Elimination 

This method was used to prepare Group YI complexes, as shown in Eq. 
(24) (M = Cr; M' = Ge, Sn. M = Mo, W; M' = Si, Ge, Sn) (47) ; reactivity 
decreases in the series CrH > MoH > WH and SnN > GeN ~ SiN. 
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Reaction of Me 3 SiNMe 2 with HCo(L) 4 gave [Me 3 SiNHMe 2 ] + [Co(L) 4 ] , 
L = CO or PF 3 {140a). " 

CpM(CO) 3 H + Me 3 M'NMej -> CpM(CO)jM'Me 3 + Me 2 NH (24) 

The reaction offers similar advantages to those of molecular hydrogen 
elimination, but is complementary (i.e., amine elimination is suitable for 
Group VI but not Pt, and conversely for H 2 elimination) in that conditions 
are mild, yields high, and the volatile by-product easily removed. Previous 
attempts to prepare Group VIA silicon compounds by a salt elimination 
procedure proved unsuccessful {201). However, compounds having metal- 
metal bonds between elements of Groups IVA and IVB could only be 
synthesized using salt elimination and all other procedures, including 
reverse [Cp 2 M(NMe 2 ) 2 /R 3 SiH] amine elimination, failed (166). 

7. Oxidative Addition and Elimination 
This method (81) has been used for the formation of transition metal 
bonds to both carbon and silicon, but its range of application reflects the 
differing bond strengths M'—M', M'—H, and M'—X (M'= C, Si; 
X = halogen) for the two cases. Few additions involving M'—M' cleavage 
are known [M' = C (37,44, 46,236), Si (215)). However, for carbon, C—X 

(Ph 3 P) 2 Ir(CO)CI + (EtO)jSiH -—-► (EtO) 3 SiIr(CO)Cl(H)(PPh 3 ) 2 (25) 

[(diphos) 2 Ir] + BPh 4 ' + (EtO)jSiH -—-► [(EtO) 3 SiIr(H)(diphos) 2 ]+BPh 4 - (26) 

(Et 3 P) 2 PtI 2 +IH 2 SiH -—-► H 2 ISiPtI 2 (H)(PEt 3 ) 2 (27) 

(diphos) 2 Ni + CljSiH - — -. [(diphos) 2 NiH] + [SiCl 3 ]- (28) 

(jr-C^H 4 )Cr(CO)j + CljSiH -^-► Cl 3 SiCr(H)(CO) 2 (C 6 H 6 -»r) + CO (29) 

UV 

Fe(CO) 5 + CljSiH -^-• CljSiFe(CO) 4 H + CO (30) 

(PhjP)jRhCl + PhjSiH -—-* Ph 3 SiRhCl(H)(PPhj) 2 + Ph 3 P (31) 

(Ph 3 P) 4 Pt + Si 2 X 6 - x l^ Br) » (X 3 Si) 2 Pt(PPh 3 ) 2 + 2 Ph 3 P (32) 

(Ph 3 P) 4 Pt + (p-CF 3 C 6 H 4 ) 3 SiH - ! ^-• (/>-CF 3 C 6 H 4 ) 3 SiPt(H)(PPh 3 ) 2 

+ 2 Ph 3 P (33) 

(Ph 3 P) 3 Co(N 2 )H + R 3 SiH -—-* R 3 SiCoH 2 (PPh 3 )j + N 2 (34) 

(R = F, OEt) 
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addition is common (81) and C—H cleavage unusual (122, 160, 200, 245) 
[nearly always, but see (160,245), involving aromatic C—H]; whereas Si—X 
addition is unconfirmed {(Ph 3 P) 4 Ni gives [(Ph 3 P) 2 NiCl] 2 , possibly via 
Ni—Si intermediates, by reaction with either Ph 3 SiCl or HSiCl 3 (see 
Section II,E,3) (177)} and Si—H cleavage provides a good route to numerous 
complexes. Such reactions often proceed in high yield under mild conditions 
and seldom present problems in product separation. Examples are given in 
Eqs. (25)-(28) (additions) and Eqs. (29)-(34) (eliminations). Oxidative elimi¬ 
nation may occur in preference to elimination of hydrogen [e.g., Eq. (34)]. 
(Further data are in Section III.) 

These oxidative reactions are, in general, reversible; stable (even in 
solution) Si—M adducts are formed when there are electron-withdrawing 
groups on Si. For addition of (CH 3 )„(C 2 H 5 0) 3 _„SiH to [(diphos) 2 Ir] + - 
BPh 4 ~, unequivocal assignment of mechanism was not possible (133 ); 
but for the addition of (EtO) 3 SiH to (Ph 3 P) 3 Ir(CO)H, kinetic results are 
consistent with a unimolecular dissociation of the pentaco-ordinate complex 
with loss of one molecule of PPh 3 followed by addition of the silane to the 
square complex so formed (132). 

Since these reactions produce transition metal hydrides, hydrogen 
elimination may occur [Eqs. (35)-(40)] (see Section II,B,4, method b). The 
intermediate hydride need not be isolated; hydrogen may not be evolved but 
may react with a ligand [e.g., Eq. (39)], and H/Cl exchange may take place 
[Eq. (40)]. (Ph 3 P) 3 Pt reacts with MeCl 2 SiH in analogous fashion to Eq. (35) 
(90) [see also ref. (110a)]. 

(diphos) 2 Pt CI,S ‘ H ' 2 - ^ -» CljSiPt(H)(diphos) Cli —' —% (CljSi)jPt(diphos) (35) 

(— diphos)(65) (-H 2 )(SS) 

(diphos) 2 Fe(C 2 H 4 ) CI 3 SiFeH(diphos) 2 -S g EjU (Cl 3 Si) 2 Fe(diphos) 2 

* CljSiFeH(diphos) (36) 

(Ph 3 P) 2 Ru(CO) 3 uv > (Me 3 Si) 2 Ru(CO) 2 (PPh 3 ) 2 (37) 

[C 8 H 12 RhCl] 2 + 2 HSiClj (II3) > 2 (Cl 3 Si) 2 RhCI(C 8 H l2 ) + H 2 (38) 

CpRh(C 8 H )2 ) + 2 HSiCl 3 (Cl 3 Si) 2 Rh(C 8 H l4 )Cp (39) 
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Unexpected products may arise through the great affinity of silicon for 
halogen [e.g., Eq. (40) (R = Et, OEt)] (51). 

fr<H»-(Ph 3 P) 2 Ir(CO)Cl , RiS ' H t R 3 SiIr(CO)Cl(H)(PPh 3 ) 2 RjSiH > 

R 3 SiIr(CO)H 2 (PPh 3 ) 2 + R 3 SiCl (40) 

An oxidative addition step is involved in the reaction between trans- 
(Et 3 P) 2 Ir(CO)Cl and the mercurials Hg(MMe 3 ) 2 (M = Si, Ge) (141). 

8. Syntheses from Si—M Precursors 

No new silicon-transition metal bonds are formed in these reactions, 
although new compounds containing such bonds are produced. Details are 
in Section II,C, 1-3. 


C. The Reactions of Compounds with Silicon-Transition Metal 
(R } Si—M) Bonds 

The overall stability of the complexes listed in Table II tends to parallel, 
but exceed, that of their alkyl counterparts. Their chemical reactions may 
be classified as shown in the headings to Sections II,C, 1-5, respectively, of 
which the Si—M cleavages (Section II,C,3) have been the most studied. 

1. Substitution at Silicon 

Comparatively few of these reactions are known. It has proved possible 
to replace the H in H—Si—M by F, Cl, or Br, using PF S , HC1, or Br 2 , 
respectively; Br in Br—Si—M by Me, using MeLi; and Cl in Cl—Si—M 
by OR, or NMe 2 , using ROH, or Me 2 NH, respectively. The Si—M bond 
must withstand attack by these reagents. 

The first example of substitution at Si, a slow gas-phase reaction at 
75° C, is shown in Eq. (41) (8,10); interestingly the Co analog H 3 SiCo(CO) 4 
gave Si—M cleavage products (9). trawr-H 2 ClSiPtCl(PEt 3 ) 2 , with HC1 at 

H 3 SiMn(CO) 3 + nHCl ” =1 ~ 3 > H 3 _„Cl„SiMn(CO) 5 + nH 2 (41) 

20° C in benzene, gave progressive chlorination to yield finally 
Cl 3 SiPtCl(PEt 3 ) 2 ; with excess of HC1, there was no further reaction even at 
100° C, but the solid complex and liquid HC1 gave HSiCl 3 and 
(Et 3 P) 2 PtH 2 Cl 2 (27). 
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H/F exchange has been observed in a Si—Co system, as shown in 
Eqs. (42); intermediate Si—Co cleavage was postulated and hydrides 
HCo(CO) n (PF 3 ) 4 _„ were also obtained (116, 117). 

MeH 2 SiCo(CO) 4 + PF, — MeFjSiH + PF 3 + HCo(CO) 4 
MeF 2 SiH + HCo(CO) 4 MeF 2 SiCo(CO) 4 + H 2 (42) 

Bromination and alkylation are illustrated in Eqs. (43) and (44) (65). 

(HPh 2 Si) 2 Pt(diphos) + 2Br 2 -> (BrPh 2 Si) 2 Pt(diphos) + 2HBr (43) 

(BrPh 2 Si) 2 Pt(diphos) + 2MeLi — (MePh 2 Si) 2 Pt(diphos) + 2LiBr (44) 

Cl/Br exchange at Si is indicated from Eq. (45) (27). 


<ram-(Et 3 P) 2 PtHCl + HjSiBr 
trans-{ Et 3 P) 2 PtHBr + H 3 SiCl 



rranj-(Et 3 P) 2 PtBr(SiH 2 Cl) 


(45) 


In toluene at — 60° C the NMR spectrum of a mixture of H 3 SiBr and 
tr£Z«i-(Et 3 P) 2 PtHCl showed that all of the H 3 SiBr is converted into H 3 SiCl 
prior to formation of a Si—Pt product. 

Alcoholysis [e.g., Eq. (46) (7J5)] and aminolysis [e.g., Eq. (47) (27)] 
experiments have been carried out. 

Cl 3 SiRhCl(H)(PPh 3 ) 2 + 3EtOH — (EtO) 3 SiRhCl(H)(PPh 3 ) 2 + 3HC1 (46) 
H 2 ClSiPtCl(PEt 3 ) 2 + 2Me 2 NH -> H 2 (Me 2 N)SiPtCl(PEt 3 ) 2 + Me 2 NH 2 Cl (47) 

2. Substitution at the Transition Metal 

Substitution reactions at the transition metal M involve, displacement of 
neutral (CO) or anionic (halide, hydride, or metallate) ligands, as sum¬ 
marized in Eqs. (48)-(52). 


\ 

—SiML + CO 


\ 


^HaK 


—Si—M—Hal - 


—SiM. + 2 CO 

/ ^Hal ^ 

\ 

- —SiM—X + M'Hal 


(48) 

(49) 


—SiM—A—Hal 
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(51) 


\ ^ H»U \ 

—SiM—MSi— -1+ 2-SiM—Hal 

/ x / 



(52) 


Whereas alkyl transition metal complexes often undergo CO insertion by 
treatment with CO or (for carbonyls) other neutral ligands such as phos¬ 
phines (45, 137), such reactions are not reported for Si—M compounds 
(9,10,218). Displacement of 1 or, rarely, 2 moles of CO by R 3 P [Eq. (48)] is 
known for R 3 'SiCo(CO) 4 (R' = H, with R = Ph; R' = Cl, Et, with R = Et) 
(9, 156), R 3 'SiM(CO) 4 (R' = F, Ph, C 6 F J( with R = Ph and M = Mn; 
R' = F, with R = Ph and M = Re) (217,218), Me 3 SiMn(CO) 4 (R = F) (31), 
Me 3 SiFe(CO) 2 Cp (163), and (Me 3 Si) 2 Ru(CO) 4 (169). R 3 'SiRe(CO) 5 
(R' = Ph, C S F 5 ) did not react with Ph 3 P even at 160° C (217). Alternative 
routes to two of the substitution products are shown in Eqs. (53) and (54). 
By contrast to Eq. (54), [Cl 3 SiRu(CO) 4 ] 2 did not react with Ph 3 P (169). 


[C P Fe(CO) 2 ]- 


Me 2 HSiCH 2 CI 

(199) 


Unstable red liquid, ph,p 

possibly HMe 2 SiCH 2 Fe(CO) 2 Cp uv 


[MejSiRu(CO) 4 ] 2 + excess of PhjP - 0 69 > > 


MejSiFeCO(PPh 3 )Cp (53) 


(Me 3 Si) 2 Ru(CO) 2 (PPh 3 ) 2 + (Ph 3 P) 2 Ru(CO) 3 + 3 CO (54) 


Reactions of the type shown in Eq. (49) are established for the conversion 
of Me 3 SiM(CO) 4 X (M = Ru, Os; X = Br, I) to [Me 3 SiM(CO) 3 X] 2 (6). 

The displacement reactions of Eq. (50) have been demonstrated inter alia 
for (EtO) 3 SiRhCl(H)(PPh 3 ) 2 /LiBr (135), franr-Ph 3 SiPtCl(AsMe 2 Ph) 2 / 
NaN 3 (64), fra«r-Me 3 SiPtCl(PEt 3 ) 2 /LiGePh 3 (114), and Me 3 SiRu(CO) 3 - 
(PPh 3 )I/NaBH 4 (to give the hydride) (6). The insertion reactions are 
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established for <ra«r-Ph 3 SiPtX(PMe 2 Ph) 2 /SnX 2 (X = Cl, Br) and /InCl 
(64), and Me 3 SiOs(CO) 4 H/C 2 F 4 (170). 

A number of hydrogen elimination reactions [Eq. (51)] from SiM 
precursors were discussed in Section II,B,4; another example is that from 
Cl 3 SiRhCl(H)(PPh 3 ) 2 /HSiCl 3 (135). The methane elimination is established 
for Me 3 SiOs(CO) 4 H/MeAuPPh 3 (168). 

Halogen may cause substitution at Si (Section II,C,1) or Si—M cleavage 
(Section II,C,3). However, substitution at M [Eq. (52)] was demonstrated 
for [Me 3 SiM(CO) 4 ] 2 /X 2 systems (M = Ru, Os; X = Br, I) (6). Reduction 
of [Me 3 SiRu(CO) 4 ] 2 by sodium amalgam affords [Me 3 SiRu(CO) 4 ] _ Na + , 
which is a convenient source for SiM—metal-bonded compounds [in Eq. 
(52) M' = SnMe 3 , SnPh 3 , GeBu 3 , Mn(CO) 5 , or AuPPh 3 ; and X = Cl or 
Br] (169). 

A combination of neutral and anionic ligand displacements is shown in 
Eq. (55) (115) ; it was suggested that the high trans influence of Me 3 Si leads 
to Pt—Cl bond weakening and hence the ionic product rather than cis- 
Me 3 SiPtCl(diphos) [which is a stable compound (69, 71)]. 

*ram-(Me 3 Si)Pt(Cl)(PEtj), + diphos — [(Me 3 Si)Pt(PEt 3 )(diphos)] + Cr + PEt 3 (55) 

3. Cleavage of the Silicon-Transition Metal Bond 
a. Cleavage by Protic Species. A few solvolyses at silicon have already been 
mentioned (Section II,C,1). In general, however, such reactions proceed 
with cleavage of the Si—M bond. Reports of hydrolytic stability should be 
viewed with caution, since apparent inertness may originate through the 
substrate not being wetted by water. Thus, 80% of Me 3 SiMn(CO) 5 was 
recovered after 24 hours in suspension in water at 20° C, whereas only 9% 
was recovered after 5 minutes in aqueous ethereal solution at 20° C (31) ; the 
hydrolysis products were (Me 3 Si) 2 0 and 2HMn(CO) 5 . Some silylrhodium 
complexes can be dissolved in hydroxylic solvents without cleavage of the 
Rh—Si bond; but Me 3 SiRhCl(H)(PPh 3 ) 2 , which dissociates in solution, is 
cleaved in aqueous diglyme [Eq. (56)] (135). 

2Me 3 SiRhCI(H)(PPh 3 ) 2 + H 2 0 — (Me 3 Si) 2 0 + 2(Ph 3 P) 2 RhH 2 Cl (56) 
Similar hydrolyses were observed with Me 3 SiCo(CO) 4 (182) and trans- 
Me 3 SiPt(Cl)(PEt 3 ) 2 (114), although silane was the only observed volatile 
product from H 3 SiM(CO) 3 Cp (M = Cr, Mo, W) (124). Whereas the above 
platinum complex was hydrolyzed instantly, the ionic analog 
[Me 3 SiPt(PEt 3 ) (diphos)] + Cl~ underwent only 30% reaction after 50 days 
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under the same conditions (aqueous diglyme). The rate-determining step 
was believed to be electrophilic attack at Pt (containing most of the positive 
charge in the cationic species) rather than nucleophilic attack at Si (115). 
tra?w-Me 3 SiPt(GePh 3 )(PEt 3 ) 2 reacted rapidly with water, with preferential 
cleavage of the Si—Pt rather than the Ge—Pt bond (114). 

(H 3 Si) 2 Fe(CO) 4 hydrolyzed fairly rapidly (12). Me 3 SiFe(CO) 2 Cp was 
recovered unchanged after 1 hour in aqueous ether, but was decomposed by 
methanolic KOH (191a). Homogeneous and quantitative methanolysis of 
Me 3 SiM(CO)„ (M = Mn, n = 5; M = Co, n = 4) to give Me 3 SiOMe, 
occurred rapidly at 20° C (13,182). Treatment of Ph 3 SiPtCl(PMe 2 Ph) 2 with 
PhSH furnishes (Me 2 PhP) 2 Pt(SPh) 2 , (Me 2 PhP) 2 PtCl 2 , and Ph 3 SiH (63). 

Ammonia undergoes a complex reaction with H 3 SiCo(CO) 4 ; the Si—Mn 
bond in H 3 SiMn(CO) 5 was quantitatively cleaved according to Eq. (57) (11). 
Me 3 SiCo(CO) 4 reacts analogously with Me 2 NH at 20° C to give HCo(CO) 4 
and Me 3 SiNMe 2 (14). 

2H 3 SiMn(CO) 5 + NH 3 -* 2HMn(CO) s + (H 3 Si) 2 NH (57) 

In platinum chemistry, cleavage of bis(silyl) compounds by HC1 may be 
used [Eqs. (58), (59)] to generate monosilyl complexes (63). 

cw-(PhjMeSi) 3 Pt(PMe 3 Ph): + HC1 — tranj-Ph 2 MeSiPtCl(PMe 2 Ph) 2 + PhjMeSiH 

(58) 

«'j-(Ph 2 MeSi) 2 Pt(diphos) + HC1 — ci'i-Ph 2 MeSiPtCl(diphos) + PhjMeSiH (59) 

However, different reactions occur with a further mole of HC1 [Eqs. (60), 
(61)]. 

«rani-Ph 2 MeSiPtCl(PMe 2 Ph) 2 + HC1 — frans-(Me 2 PhP) 2 PtHCl + PhjMeSiCl (60) 
«'j-Ph 2 MeSiPtCl(diphos) + HC1 - m-(diphos)PtCl 2 + PhjMeSiH (61) 

The change in the group trans to the silyl ligand is thought to account for the 
reversal of substitution pattern in the case of the monodentate phosphine 
(63). Six-coordinate Pt(IV) intermediates have been postulated for these 
Pt(II) reactions (27, 71). Such an intermediate has recently been isolated 
[Eq. (62)] (27). 

trans-Hi ISiPtI(PEt 3 ) 2 + HI — H 2 ISiPt(H)I 2 (PEt 3 ) 2 (62) 

This yellow crystalline Pt(IV) complex decomposes slowly at 20° C with 
evolution of hydrogen and formation of frani-HI 2 SiPtI(PEt 3 ) 2 . The 
proposed mechanism is shown in Eq. (63). 
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f/PEtj 
I—Pt—SiH 2 I 
V"! 


/PEtj 

I—Pt—H + SiH 2 I 2 

/ 

Et 3 P 


l/PEts 
I—Pt—H 
Etj p/ l [I r 


/ PEt, 

I—Pt—SiHI 2 (63) 

EtjP 


A Rh—Si bond cleavage has been demonstrated, but an addition- 
elimination mechanism is unlikely as this would require a seven-coordinate 
Rh(V) intermediate; coordination of HC1 through the chlorine atom was 
postulated [Eq. (64)] (135). 

(EtO) 3 Si x 

Rh(H)Cl(PPh 3 ) 2 -► (Ph 3 P) 2 Cl(H)Rh—Cl + (EtO) 3 SiH (64) 

HCl'*' 

The reactivity sequence Co > Fe > Mn has been established for 
H 3 SiM(CO)„: thus, whereas H 3 SiCo(CO) 4 was readily cleaved [according 
to Eq. (65) (X = Cl, F)] (9), (H 3 Si) 2 Fe(CO) 4 was only 9% decomposed [Eq. 
(66)] after 10 minutes at just above room temperature (12), and 
H 3 SiMn(CO) 5 did not react with HC1 at room temperature (10). 

H 3 SiCo(CO) 4 + HX -► HCo(CO)„ + H 3 SiX (65) 

(H 3 Si) 2 Fe(CO) 4 + HC1 -► H 3 SiCl + H 3 SiFe(CO) 4 H + H 2 Fe(CO) 4 (66) 

The inertness of H 3 SiMn(CO) 5 contrasts with the reactivity of its pyridine 
adduct H 3 SiMn(CO) 5 -2C 5 H 5 N, which was decomposed quantitatively 
below -100° C [Eq. (67)] (11), (but see Section II,C,4). 

H 3 SiMn(CO) s -2C 5 H 3 N + 3HC1 -► H 3 SiCl + HMn(CO) 5 + 2C S H,N-HC1 (67) 

The reaction of tra«r-(Me 3 Si) 2 Os(CO) 4 with HC1 gave fra«j-Cl 2 Os(CO) 4 
(43); H 3 SiM(CO) 3 Cp (M = Cr, Mo, W) gave HM(CO) 3 Cp and H 3 SiCl 
(124). Ph 3 SiZr(Cl)Cp 2 and HC1 gave Cp 2 ZrCl 2 and Ph 3 SiH, whereas the 
hafnium analog and HBr gave Ph 3 SiH and Cp 2 Hf(Br)Cl (166). Reference 
should also be made to Section III. 
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b. Cleavage by Halogens and Chloroalkanes. The halogens have not been 
extensively investigated as cleavage reagents. Some examples are given in 
Eqs. (68)—(71). 

cu-(Ph 2 MeSi) 2 Pt(PMe 2 Ph) 2 

/ram-Ph 2 MeSiPtX(PMe 2 Ph) 2 + MePh 2 SiH (68) 
eii-(Ph 2 MeSi) 2 Pt(PMe 2 Ph) 2 — > 

/ranj-Ph 2 MeSiPtBr(PMe 2 Ph) 2 + MePh 2 SiBr + /ram-(Me 2 PhP) 2 PtHBr (69) 

[Me 3 SiM(CO) 4 ] 2 + X 2 (M ~ r “o,7x , Br. i)(6) 2 *""“- Me 3SiM(CO) 4 X (70) 

(Me 3 Si) 2 Os(CO) 4 jjftXUnw tran ‘- Me > Si ° s ( CO '>* x (71) 


Bromine caused complete destruction of H 3 SiCo(CO) 4 [Eqs. (72)] (9). 

2H 3 SiCo(CO) 4 + 9Br 2 — 2SiBr 4 + 6HBr + 2CoBr 2 + 8CO (72) 

CO + Br 2 ^ COBr 2 

1,2-Dichloroethane acts as a mild chlorinating agent towards trans- 
Me 3 SiPtCl(PEt 3 ) 2 [Eq. (73) (114)], and CDC1 3 caused the conversion of 
Ph 3 SiZr(Cl)Cp 2 into Cp 2 ZrCl 2 (166). 

/ranj-Me 3 SiPtCl(PEt 3 ) 2 + C 2 H 4 C1 2 — (Et 3 P) 2 PtCl 2 + Me 3 SiCl + C 2 H 4 (73) 
c. Cleavage by Hydrogen. The homogeneous hydrogenolysis of com¬ 
pounds with Pt—Group IVB element bonds has been examined [cf., ref. 
(71) and references therein]. For Pt complexes (R 3 M') 2 Pt(PR 3 ') 2 (M' = Si, 
Ge, Sn, Pb) only one Pt—M' bond is readily cleaved, to afford 
R 3 M'PtH(PR 3 ') 2 (71). Some chelate phosphine complexes of the type 
(Ph 3 M') 2 Pt(chelate) behave similarly but require a higher pressure of 
hydrogen. Other monosilylplatinum(II) compounds are readily hydro- 
genolysed, as shown in Eqs. (74)-(76). Quantitative and preferential 


franj-Me 3 SiPtCl(PEt 3 ) 2 + H 2 (1 atm) 2 °°^ lmc> <ram-(Et 3 P) 2 PtClH + Me 3 SiH (74) 
cij-Me 3 SiPtCl(diphos) + H 2 (1 atm) 70 ° C ^ nM " * cii-(diphoa)PtClH + Me 3 SiH (75) 

fii-[Me 3 SiPt(PEt 3 )(dipho8)]+Cl- + H 2 (500 mm) M ^°‘> 

cu-[(diphos)Pt(PEt 3 )H]+Cl- + Me 3 SiH (76) 
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cleavage of the Pt—Si bond in a mixed complex occurred rapidly at 0° C 

/ranj-Me 3 SiPt(GePh 3 )(PEt 3 ) 2 + H 2 (1 atm) > 

cti-(Et 3 P) 2 PtH(GePh 3 ) + Me 3 SiH (77) 

[Eq. (77)] (114). The reaction of (Me 3 Si) 2 Pt(diphos) with hydrogen in 
benzene at atmospheric pressure affords Me 3 SiPtH(diphos) at 40° C and 
(diphos) 3 Pt 4 at 80° C (71). Kinetic studies showed that the reaction is first 
order in hydrogen and in the platinum complex (A 2 = 4.1 — 6.0 x 10 -2 
mole -1 second -1 at 25° C in toluene), consistent with a mechanism involving 
oxidative addition of hydrogen to platinum followed by elimination of 
Me 3 SiH. 

The reversible hydrogenolysis of traw-(Ph 2 MeSi) 2 Pt(PMe 2 Ph) 2 has been 
discussed in Sections II,B,4 and II,B,7. A mechanism similar to that 
postulated for hydrogen halide reactions [e.g., Eq. (78)] has been suggested 
(71, 114)', such a dihydride intermediate has not been detected, but some 
support comes from the identification of H 2 XSiPtI 2 (H)(PEt 3 ) 2 (X = Cl, I), 
as shown in Eq. (79) (27). Further discussion is in Section III. 

H 2 — RjSiH 

R 3 SiPtXL 2 ;_ H y (R 3 SiPtH 2 XL 2 ) , r ^ ‘ L 2 PtXH (78) 

(Et 3 P) 2 PtI 2 + H 3 SiX -► H 2 XSiPtI 2 (H)(PEt 3 ) 2 (79) 

d. Cleavage by Neutral Ligands. Oxidative addition of H—Si— to 
transition metal complexes is reversible (Sections II,B,7 and III). The 
Si—M complex may dissociate (reductive elimination) in solution [e.g., 
(EtO) 3 SiIrH(CO)Cl(PPh 3 ) 2 (55)], or although stable in solution may react 
with stronger ligands to displace the silane [e.g., Eq. (80) (L = CO, PF 3 , 
C 2 H 4 )] (135). Transmetallation (Section II,C,3,e) is a special case of Eq. 
(80), with L = covalent halide or hydride. 

Cl 3 SiRhCl(H)(PPh 3 ) 2 + L -*• irans-(PPh 3 ) 2 RhCl(L) + CljSiH (80) 

In cases where a simple reductive elimination cannot take place, Si—M 
cleavage may still occur, as shown in Eqs. (81) (217) and (82) (R = Me, 
i-Pr, Ph) (103, 207). When the reaction of Ph 3 SiMn(CO) 5 with PPh 3 was 
carried out at 130° C in decalin, only the substitution product 
Ph 3 SiMn(CO) 4 PPh 3 was observed (103, 207). 
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Ph 3 SiMn(CO) 3 PPh3 ’ 7 °°^' CtHl> -» Ph 3 SiMn(CO) 4 PPh 3 + (Ph 3 Si) 2 0 (81) 

Ph 3 SiMn(CO)j + P(OR) 3 

(Ph 3 SiO) 3 PO + RCOMn(CO) 3 [P(OR) 3 ] 2 (82) 

Attempts to synthesize a 7r-silacyclopentadienyl derivative from 
C 4 Ph 5 Si—Fe(CO) 2 Cp by heating or UV irradiation, failed (91). 

e. Transmetallations Involving Silicon. Transmetallations involving silyl 
ligands may occur in reactions with covalent halides or hydrides [e.g., Eq. 
(83)]. In some cases one silyl group may be replaced by another (M' = a Si 
ligand) (giving an indication of relative ligand strengths) or other metal- 
metal bonds (e.g., M' = Ge, Sn, Hg) may be formed. In general, Ge and Sn 
ligands displace Si ligands (71, 169); examples are given in Eqs. (84)-(89). 
Measurements of M'—M (M' = Ge or Sn; and M = Cr, Mo, or W) bond 
dissociation energies show that bond strengths decrease in the series 
Sn > Ge and W > Mo > Cr for Me 3 M'—M(CO) 3 Cp (49). Ph 3 SiZr(Cl)Cp 2 
and HgCl 2 gave Cp 2 ZrCl 2 , Ph 3 SiCl, and Hg (166). 

RjSi—M + M'—H -► M'—M + R 3 SiH (83) 

[Me 3 SiRu(CO) 4 ] 2 + 2 Cl 3 SiH [Cl 3 SiRu(CO) 4 ] 2 + 2 Me 3 SiH (84) 

(m-CF 3 C 6 H 4 ) 3 SiPtH(PPh 3 ) 2 + 2 CljSiH 

(Cl 3 Si) 2 Pt(PPh 3 ) 2 + (m-CF 3 C 6 H 4 ) 3 SiH + H 2 (85) 
(Me 3 Si) 2 Ru(CO) 4 + 2 Me 3 SnH (Me 3 Sn) 2 Ru(CO) 4 + 2 Me 3 SiH (86) 

MejGeH (71) 

Me 3 SiPtCl(diphos) ■ - * Me 3 GePtCl(diphos) MeabnH » 

MejSiH - MejGeH 

Me 3 SnPtCl(diphos) (87) 
Me 3 SiCo(CO) 4 + GeF 4 UJ> > F 3 GeCo(CO) 4 + MejSiF (88) 

2 H 3 SiCo(CO) 4 + Hgl 2 —Hg[Co(CO) 4 ] 2 + 2 H 3 SiI (89) 

f. Insertions into the Si — M Bond. Although insertions of unsaturated 
species into carbon-metal or metal-metal bonds are well known [see ref. 
(73)], there are comparatively few examples in Si—M chemistry. No case of 
insertion of CO (Section II,C,2) or S0 2 {with R 3 SiMn(CO) 5 [R = H (10), 
F (218)] or Me 3 SiFe(CO) 2 Cp (34)} is known. Insertions of fluoroolefins or 
acetylenes have, however, been demonstrated [e.g., Eqs. (90)—(93)], but such 
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reactions are evidently not widely applicable. A reaction of Me 3 SiFe(CO) 2 Cp 
with perfluorocyclobutene gave only a low yield of [CpFe(CO) 2 ] 2 (33). In 


FjSiMn(CO)j + C 2 F 4 
Me 3 SiFe(CO) 2 Cp + F 3 CC=CCF 3 


uv 
(218) 
UV. 76°C 
(33) 


F 3 SiCF 2 CF 2 Mn(CO) 5 


Me 3 Si(CF 3 )C=C(CF 3 )Fe(CO) 2 Cp 


(90) 


(91) 


Me 3 SiFe(CO) 2 Cp + F 3 CC=CH 


UV, 25°-76°C ) Me 3 Sj ^-Fe(CO) 2 Cp 

(33) * ~ '"CFj 


(92) 


rra«j-Ph 3 SiPtCl(PMe 2 Ph) 2 + PhC=CH 


Refluxing C«H 6 
(64) *■ 

trans-Ph 3 Si(C 2 HPh)PtCl(PMe 2 Ph) 2 


(93) 


Eq. (93), the phenylacetylene appears to have inserted into the Si—Pt bond 
to give a substituted vinyl complex, but its exact structure was not 
established. Under the conditions used for PhC=CH, no reaction was 
observed between the same SiPt complex and tolan, cyclohexene, styrene, 
acrylonitrile, or benzaldehyde; tetracyanoethylene reacted very rapidly, but 
the oil formed was not crystallized (64). In contrast, reaction of PhC=CH 
with tra/«-Me 3 SiPtCl(PEt 3 ) 2 did not give insertion products but instead 
the complexes (Et 3 P) 2 PtCl(C=CPh), (Et 3 P) 2 PtH(C=CPh), (Et 3 P) 2 Pt- 
(C=CPh) 2 , as well as a compound of empirical formula (mass spectrometry) 
(Et 3 P) 2 PtCl(SiMe 3 Ph 2 C 2 H 4 ) (114). 

4. Addition at Silicon 

Tertiary amines are known to form adducts with H 3 Si derivatives of iron 
(12), cobalt (11), and manganese (11). Pyridine and trimethylamine formed 
1:2 adducts in all cases, while 2,2'-bipyridyl gave 1:1 adducts with 
H 3 SiCo(CO) 4 and H 3 SiMn(CO) 5 . The complex H 3 SiCo(CO) 4 -2py was 
considerably more thermally stable than its parent compound, while 
H 3 SiMn(CO) 5 -2py showed greatly enhanced reactivity toward HC1 
(Section II,C,3,a). The cobalt adducts were the most stable, but only 
H 3 SiCo(CO) 4 -2NMe 3 showed reasonable inertness to air. The IR spectra 
of the manganese and cobalt adducts in the carbonyl region showed a strong 
band assigned to the carbonyl-metallate anion. Thus, they are formulated as 
[H 3 Si-2Base] + M(CO)„ _ in the solid state, and might appropriately have 
been considered in Section II,C,3 (Si—M cleavage). Although there are 



280 


C. S. CUNDY, B. M. KINGSTON, and M. F. LAPPERT 


potentially two silicon acceptor sites in (H 3 Si) 2 Fe(CO) 4 , only a 1:2 adduct 
was formed with triethylamine. An HC1 cleavage experiment suggested that 
both acceptor sites are singly coordinated. An adduct was originally 
formulated as [H 3 SinNMe 3 ] + [HFe(CO) 4 ]~ (12); an alternative seems 
likely following the identification of [Et 3 NH] + [Ph 3 SiFe(CO) 4 ] _ (152). The 
complexes H 3 SiM(CO) 3 Cp (M = Cr, Mo, W) form adducts with Me 3 N and 
Me 2 NH; Si—M cleavage occurs on heating the dimethylamine derivatives 

(124). 

Adduct formation has been observed with trialkylsilylcobalt complexes to 
give [R 3 SiB] + [Co(CO) 4 ]“ (where R = Me and B = NMe 3 , PMe 3 , PEt 3 ; 
R = Et and B = PEt 3 ) (17). No formation of substituted ammonium or 
phosphonium salts was observed when electronegative groups were 
attached to silicon or phosphorus. 

5. Addition at the Transition Metal 

The complexes R 3 SiRhX(H)(PPh 3 ) 2 , assumed from NMR data to be 
trigonal bipyramidal and shown to be so in one case by X-ray diffraction 
(see Section II,D), are coordinatively unsaturated and might be expected to 
take up a further ligand. Recrystallization of compounds (X = Cl, Br; 
R = OEt) in the presence of a large excess of Ph 3 P gave no suggestion of 
products containing additional coordinated ligands..When other phosphines 
(e.g., Ph 2 MeP) were used, only ligand replacement occurred. However, 
reaction of a solid complex (X = Cl = R) with CO or PF 3 did give (IR for 
CO adduct) the impure six-coordinate derivatives; whereas, when the 
process was carried out in solution, the trichlorosilane was displaced by the 
incoming nucleophile (Section II,C,3,d) (135). 

D. Structure and Bonding 

In addition to routine spectroscopic characterization, transition metal 
silyls have been examined by a variety of physical methods, principally to 
determine (1) the definite presence of an Si—M bond, (2) the manner in 
which such a bond is influenced by other ligands, (3) whether such a bond 
possesses any w-component, and (4) the trans influence of the silyl ligand. 

1. Diffraction Studies 

Eight diffraction studies have to date been published on compounds 
having R 3 Si—M bonds. Details are in Table IV. In order to assess the 
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1.91(2) 

_ 

_ 

127 

2 

(Cl 3 Si) 2 Fe(H)(CO)Cp 

2.252(3) 

2.51 

2.34 
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significance of the derived Si—M bond lengths, there is ambiguity about 
the choice of appropriate covalent radii, because of the uncertainty in 
deciding in what way the transition metal radius in a specific compound is 
influenced by features such as stereochemistry of the complex and the 
oxidation state and coordination number of the metal (179). A series of 
approximate Si—M single-bond lengths has been proposed, derived from 

(1) transition metal radii calculated from data on other binuclear species and 

(2) the Pauling covalent tetrahedral radius of silicon (1.17 A) (184). From 
Table IV it is clear that the observed Si—M distances are, with one excep¬ 
tion, shorter than the calculated values by 0.13-0.28 A. The shortening is 
greatest when the silyl ligand carries electronegative substituents such as Cl 
or F. However, from the near equivalence of the Co—Si distances in 
F 3 SiCo(CO) 4 (109) and Cl 3 SiCo(CO) 4 (106), it appears that this shortening 
is not purely a function of electronegativity (e.g., because of contraction of 
the Si d orbitals by a strongly electron-withdrawing ligand), but is in part 
caused by (d-d) 7r-bonding. Consistent with this view, by far the longest 
Si—M distance is found in a Zr(IV), a d°, complex (190). For Cl 3 SiRhCl(H)- 
(PPh 3 ) 2 , the only other complex containing a silyl group bound to a second- 
row transition metal for which data are available, the Si—Rh bond length 
is 0.61 A shorter (191). Evidence for w-bonding in Rh(III) and Pt(II) silyls 
was provided by comparing M—Si and M—C bond lengths for M = Zr(IV), 
Rh(III), and Pt(II) (166). 

For a series of complexes ML 2 C1 4 and ML 3 C1 3 (where L is a tertiary 
phosphine and M a third-row transition metal) comparable M—P bond 
lengths decrease by 0.05 A as the number of metal d electrons is increased by 
one; these results are interpreted in terms of a regular decrease of the metal 
CT-bond radius as the third transition series is traversed (6a). If a similar 
trend exists in the second transition series, then only about one-half of the 
0.61 A difference between the Zr-—Si and Rh—Si bond lengths can be 
accounted for in terms of the differing a-bond radii of Zr(IV) (d°) and 
Rh(III) (d b ). Hence either Si—M (d-d) tt bonding (negligible with the d° Zr 
complex) is important for the d 6 complex, or the Rh—Si and Zr—Si bonds 
are different in nature (e.g., in ionic character) (190). The significance of the 
latter possibility in particular instances may be illustrated by comparison of 
the d 6 Cl 3 SiRhCl(H)(PPh 3 ) 2 (191) with the ruthenium compounds 
Ph 3 PRuCl(X)(PPh 3 ) 2 [X = H (222), Cl (176)]. All three structures are best 
considered as trigonal bipyramids with two apical phosphine ligands trans 
to one another and a short contact between a phenyl hydrogen and M. The 
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mean distance between the two apical P atoms and M is normal in all cases 
[2.338(4) A (Rh), 2.345(4) A (Ru, X = H), 2.393(6) A (Ru, X = Cl)], but in 
the Ru complexes the third (equatorial) P is much nearer to M [2.206(4) A 
(X = H), 2.230(8) A (X = Cl)]. It is this equatorial phosphine which is 
situated in an analogous position to that of the Cl 3 Si ligand in the Rh 
complex, where the Si—M distance [2.203(4) A] is the shortest yet found. 
These short distances are presumably due to the absence of competing 
7r-acceptor ligands in a trans position. The data suggest that the Cl 3 Si group 
is a better acceptor than Ph 3 P, because the covalent radii of Rh and Ru are 
approximately equal, whereas the radius of phosphorus is some 0.07 A 
shorter than that of silicon (191). In (Cl 3 Si) 2 Fe(CO)HCp, the Cl 3 Si ligands 
are trans to each other with an Fe—Si distance of 2.252(3) A (184). 

The crystal structure of fran$-Ph 2 MeSiPtCl(PMe 2 Ph) 2 has revealed an 
unexceptional Pt—Si bond length of 2.29 A, but the length of the Pt—Cl 
bond trans to the silyl group is 2.45(1) A: This is the longest recorded for any 
Pt(II) complex and is taken as indicative of the large trans influence of the 
silyl ligand (138) (see also Sections II,D,2 and 3). 

The structures of Cl 3 SiCo(CO) 4 (206), (Cl 3 Si) 2 FeH(CO)Cp (184), and 
Cl 3 SiRhH(Cl)(PPh 3 ) 2 (191) are illustrated in Figs. 1-3. 



Fig. 1. A perspective drawing of Cl 3 SiCo(CO) 4 . 
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2. IR and Raman Studies 

Vibrational spectroscopy has generally been applied to Si—M complexes 
in order to assign Si—M, M—Cl, M—P, or M—CO stretching mode(s). 

Assigned Si—M stretching modes are listed in Table V; v(Si—M) is at 
~300 cm -1 . This indicates stretching force constants of about 1-2 mdyne 
A -1 , using a simple SiM diatomic approximation. The procedure has been 
used to predict the location of v (Group IV element—M) (38,134) and gives 
Si—M stretching force constants which differ little from Ge—M and Sn—M 
analogs (38, 159)\ however, agreement with experiment is better if the 

TABLE V 

Si—M Stretching Frequencies for Silicon-Transition 
Metal Complexes 


Compounds 

i/(Si—M) (cm-') 

References 

H 3 SiMn(CO) s 

302 

10 

Me 3 SiMn(CO) 5 

293 

157 

Cl 3 SiMn(CO) s 

291 

15 7 

H 3 SiCo(CO) 4 

310 

9 

Me 3 SiCo(CO) 4 

295 

157 

Cl 3 SiCo(CO) 4 

303 

157 

franj-Me 3 SiPt(Cl)(PEtj) 2 

352 

114 

trans- Me 3 SiPt(GePh 3 )(PEt 3 ) 2 

337 

114 

PhjSiAuPPhj 

305 

15 


masses of the attached ligands are also considered (49). There are at present 
insufficient data to enable any correlation between v(M—Si) and the nature 
of the ligands attached to silicon to be established, although this has been 
achieved in the tin series Me 3 _ n Cl n SnMn(CO) 5 , n = 0-3 (50) ; assignments 
of v(M—Si) are available for X 3 SiM(CO)„ (X = Cl or Me, M = Co, n = 4; 
M = Mn, n = 5) (157). Of the two listed SiPt(II) compounds, the lower 
value of v(Pt—Si) in trawr-(Me 3 Si)Pt(GePh 3 )(PEt 3 ) 2 is consistent with a 
trans labilizing order Ph 3 Ge > Cl (114). 

Most treatments of CO stretching force constants in SiM carbonyls use 
the Cotton-Kraihanzel model (55), in which differences (k 2 — k t ) between 
the force constant (&,) of the CO ligand trans to the silyl group and that (k 2 ) 
of the equatorial cis CO ligand are considered to reflect the degree of 
7r-character present in the SiM bond. Although this was not originally (85) 
regarded as applicable to trigonal bipyramidal molecules, the method was 
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used for SiCo (125). For Cl 3 SiMn and Cl 3 SiRe complexes, it was suggested 
that there was strong 7r-bonding (as for the GeM and SnM analogs) (148, 
153). This approach to w-bonding has been criticized (205) and extensions 
suggested (100). In a study of a large range of Group IVB metal carbonyl 
derivatives, the earlier emphasis placed on (d-d) 7r-bonding is questioned 
and a significant a-inductive effect is suggested (90, 119). The position of 
v(CO) in some SiMn compounds has been interpreted in terms of a 77- 
acceptor capacity (C 6 F 5 ) 3 Si > Ph 3 Si and F 3 Si>F 3 C (217, 218). Recent 
work involves silyl complexes of Fe (12, 97, 99), Mn (100,154), and Re (100). 

The occurrence of more than two v(CO) bands in the IR spectrum of 
Cl 2 MeSiFe(CO) 2 Cp has led to the suggestion that conformational or 
rotational isomers are present, and the simple NMR spectrum is explained 
by assuming rapid interconversion of the two species (148). Assignments of 
particular v(CO) bands to the corresponding conformers have been made on 
the basis of v( 13 CO) studies (93, 93a). A similar situation has been observed 
in the analogous Sn and Ge compounds, and, in the latter, two of the four 
CO bands disappear at —40° C in agreement with the postulate (193). 

fraws-Phosphine complexes of Pt(II) usually show one v(Pt—P) at 418-400 
cm -1 , whereas cis isomers exhibit a doublet at 440-425 cm -1 (2). This has 
been used to assign trans configurations to Me 3 SiPtX(PEt 3 ) 2 (X = Cl, 
GePh 3 ) (114). Tentative assignments for v(Pt—P) and v(Pt—As) in some 
aromatic SiPt compounds have been made (63). 

The location (63, 114) of Pt—X stretching frequencies in trans- 
(R 3 Si) 2 PtX(QR 3 ) (X = Cl, Br; Q = P, As), has provided information on the 
trans influence of silyl ligands (63), assuming reasonably pure Pt—X modes 
(136). When trans to Cl, such groups cause a marked lowering of v(Pt—Cl) 
and give rise to the lowest recorded Pt—Cl stretching frequencies. Further¬ 
more, the lowest values are found with electron-releasing substituents at Si. 

3. NMR Studies 

29 Si (I = £) NMR spectra of SiM complexes have not yet been reported. 
However, 'H— 29 Si coupling has been observed, for example, in the 'H 
NMR spectrum of the strong acid (Cl 3 Si) 2 Fe(CO)HCp (151). NMR 
techniques have routinely been applied in SiM chemistry for the assignment 
of stereochemistry [e.g., for *H (27, 63, 64,114,115), and 31 P (136)], and the 
study of exchange processes [e.g., (27, 174)]. Other data have been inter¬ 
preted in terms of electronic effects associated with the silyl ligand, but 
arguments based on chemical shifts must be treated with reservation. 
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For Me 3 SiFe(CO)(PR 3 )Cp, the Cp 'H shifts are to higher field compared 
with the unsubstituted Me 3 SiFe(CO) 2 Cp, in agreement with transfer to the 
Cp ring of increased electron density through substitution of CO by the 
weaker 7r-acceptor R 3 P (163). However, such shifts are essentially indepen¬ 
dent of phosphine ligand, although chemical shift changes are observed for 
the -SiMe 3 protons. This may be due to saturation in the Cp ring anti¬ 
bonding orbitals, excess charge on the metal passing into the -SiMe 3 group 
by a (d-d) 7r-back-bonding process (163). [A similar suggestion has been 
made for an Sn—Mn system (153)]. An order of increasing -SiMe 3 shift in 
Me 3 SiFeL 2 Cp may be correlated (163) with decreasing 7r-acceptor capacity 
of the ligands L 2 : 

2CO (least shift) ~ CO, P(OPh) 3 < CO, PPh 3 < diphos (greatest shift) 

The magnitude of J(Pt—P) for some phosphine-substituted SiPt 
complexes depends on the covalency of the Pt—P bond (136). Such a bond 
is relatively ionic in a system where it lies trans to a ligand of high trans 
influence and J(Pt—P) is then small. The coupling in cis complexes 
decreased in the order Cl > C > Si and since a comparable situation has been 
observed for methyl-Pt compounds it is suggested that the effect is one of 
a- rather than ^-interaction. 

4. Mass Spectrometric Studies 

As with NMR spectroscopy, the use of mass spectra has become a 
standard method of characterizing new transition metal complexes (42, 59, 
226). Most of the fragmentation data for transition metal silyls are for simple 
carbonyls. The compounds X 3 SiM(CO)„ [M = Mn, Re, n = 5, X = F, 
C 6 F 5 ; M = Co, n = 4, X 3 = F 3 , (C 6 F 5 ) 3 , MeF 2 ] all exhibit reasonably 
intense molecular ions and show successive loss of CO to give X 3 SiM + as a 
major fragment ion (210, 211,217,218). The spectrum of H 3 SiCo(CO) 4 was 
similar, but contained only a very weak molecular ion (9), while with 
H 3 SiMn(CO) 5 only H 3 SiMn(CO) 4 + and lower derivatives were observed, 
H 3 SiMn + being absent (10). With one exception, this loss of CO from the 
transition metal was a more favorable reaction pathway than loss of X from 
silicon. An alternative initial breakdown, loss of [C 6 F 5 ], was observed in the 
spectrum of (C 6 F 5 ) 3 SiRe(CO) 5 (217)\ CO ligands were, however, lost 
subsequently. Degradation of the (C 6 F 5 ) 3 Si + ion followed previously 
observed routes. The base peak in most cases was that of the metal ion M + . 
Ligand transfer, a frequent occurrence in metal-metal bonded compounds 
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(59), from Si to M was observed in the form of rearranged ions [e.g., FM(CO) + 
and FM + ]: These processes appear to involve elimination of :SiF 2 and it has 
been suggested that an XF 2 SiM derivative (X = F, Me) might be a suitable 
precursor at low temperatures (210). The ready loss of Me from Me 3 Si 
derivatives is as well established as the loss of CO from metal carbonyls, and 
in the compound Me 3 Si(Me 2 Si)Fe(CO) 2 Cp both reactions were observed 
(164). In the series H 3 SiM(CO) 3 Cp (M = Cr, Mo, W), fragmentation 
occurred by loss of -SiH 3 and carbonyl groups although the Mo derivative 
was exceptional in giving no ions containing the -SiH 3 function (124). 

The cracking patterns of the complexes Cl 3 M'Ru(CO) 2 Cp (M' = Si, Sn) 
have been compared (35). The Si compound lost 2CO and then 3C1 stepwise, 
but the base peak was [Cl 3 SiRuCp] + . Ligand transfer gave rise to CpM' + 
ions. In neither spectrum was M'Ru + found, indicating that the Cp—Ru 
link is stronger than either Ru—M' or Ru—CO. 

The mass spectrum of [Cl 3 SiRu(CO) 4 ] 2 showed a parent ion for the 
dimer and stepwise loss of 8CO units. The ion Cl 3 SiRu(CO) 4 + was also 
observed, but its intensity was lower than that of the corresponding ion from 
the Me 3 Si- analog, indicating a stronger Ru—Ru bond when Cl 3 Si- rather 
than Me 3 Si- was a ligand (169). Negative ion spectra of some Co and Mn 
derivatives have been reported (213). 

Studies of appearance potentials have given data on Si—M bond 
dissociation energies (210-212). Values for D(Si—Co) in MeF 2 SiCo(CO) 4 
(127 ± 15) and F 3 SiCo(CO) 4 (105 ± 12 kcal mole -1 ) were proposed, but 
these are probably much too high in the light of studies on Me 3 M'M(CO) 3 Cp 
(M = Cr, Mo, W; M' = Ge, Sn) (49). 

5. Miscellaneous Studies 

Electric dipole moment measurements on R 3 SiCo(CO) 4 , (R 3 Si) 2 Fe(CO) 4 , 
and related compounds have indicated a relationship between v(CO) and 
charge transfer in the Si—M bond within a given series: the central 
transition metal is apparently not charged (156). Application of the relation¬ 
ship to H 3 SiCo(CO) 4 suggests a small bond dipole in the sense 
5+ 8- 

Si—Co 

The dipole moment (2.5 D) of Ph 2 MeSiPtCl(PMe 2 Ph) 2 is consistent with 
the trans configuration (63). 

Absorption (33-55,000 cm -1 ) spectra and laser Raman spectra, as well as 
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vibrational analyses, have been reported for the series Cl 3 MCo(CO) 4 
(M = Si, Ge, Sn) (235). Ligand exchange processes in (Cl 3 Si) 2 Ru(CO) 4 and 
(Me 3 Si) 2 Os(CO) 4 have been investigated using IR and NMR spectroscopy 
(203a, 203b). The compounds LCo(CO) 4 (L = Me 3 Si, Ph 3 Si, Cl 3 Si, R 3 Sn, 
R 3 Ge, and R 3 Pb) and Cl 3 SiCo(CO) 3 (w-Bu 3 P) have been studied by IR, 
NMR (196a, 227), and NQR (41, 196a, 227) techniques. The Mossbauer 
spectra of m-(H 3 Si) 2 Fe(CO) 4 and m-(H 3 Si)HFe(CO) 4 have been examined 
(5, 21). Polarograms have been recorded for [(Cl 3 Si) 2 Fe(CO)Cp] _ and 
Cl 3 SiFe(CO) 2 Cp before and after coulometric reduction (36). 

Structural data from X-ray- and electron-diffraction studies, mass spectra, 
and MO calculations were analyzed for R 3 SiCo(CO) 4 (R = H, F, Cl) and 
Me 3 SiMn(CO) 5 : it was believed that there is partial double-bond character 
between Si and Co and that there may be intramolecular interaction between 
the axial silicon atom and the equatorial carbonyl groups (30, 212). 


E. Silicon-Transition Metal Complexes Having Special Structural 
Features 

These complexes are listed in Table IV. An attempt is made to provide 
some classification and rationalization, but many of the compounds have so 
far received only brief mention in the literature and some of the structures 
shown are not substantiated. 


1. Polynuclear Cobalt Compounds 

The reaction between Co 2 (CO) 8 and tetravinylsilane was reported to 
afford (CH 2 =CH)SiCo 3 (CO) 9 (161). This was thought to be the Si analog 
(I) of the RCCo 3 (CO) 9 series; members of this series are known to be 
tetrahedral with Co—Co bonds (102, 172, 186). The higher v(CO) for (I) 



(OC) 4 Co | Co(CO ) 4 
Co 

(CO ) 4 


(I) 


(II) 



290 


C. S. CUNDY, B. M. KINGSTON, and M. F. LAPPERT 


than for the C compounds was taken to indicate a measure of Si—Co (d-d) 
7r-bonding. A second compound [SiCo 3 (CO) 9 ] 2 prepared by reaction of 
Co 2 (CO) 8 with Ph 4 Si, was thought to contain two [-SiCo 3 (CO) 9 ] units, as 
in (I), linked by an Si—Si bond, as in the corresponding cobalt carbonyl 
carbide (162). These structures were subsequently criticized when the 
organotin derivatives RSn[Co(CO) 4 ] 3 (R = CH 3 , n-C 4 H 9 , CH 2 =CH, Ph, 
Cl, Br, I) (II) were characterized (146, 202). 

There have been a number of reports concerning the reaction of Co 2 (CO) 8 
with Ph 2 SiH 2 . Originally, Ph 2 (H)SiCo(CO) 4 was the only product isolated 
(57). More recently, Ph 2 SiCo 2 (CO) 7 (III) (IS) and Ph 2 SiCo 4 (CO) l4 (IV) 
(110) have been identified and the diethyl analog of (IV) was prepared 
similarly (110). From an IR study of the Ph 2 SiH 2 /Co 2 (CO) 8 reaction, the 
sequence of Eqs. (94)-(96) was suggested (110). 


2PhjSiHj + Coj(CO), 

— 2Phj(H)SiCo(CO) 4 + H 2 

(94) 

Ph 2 (H)SiCo(CO) 4 + Coj(CO), 

— (Ill) + HCo(CO) 4 + CO 

(95) 

(III) + Coj(CO) 8 

— (IV) + CO 

(96) 


The reaction of Co 2 (CO) 8 with PhSiH 3 has given PhSiCo 3 (CO) n (V) (18). 
Structures (III)-(V) are tentatively proposed, (III) and (V) by analogy with 
those established for the corresponding Ge compounds. When heated, (V) 
decomposed; formation of PhSiCo 3 (CO) 9 was not detected (18) (see Section 
II,E,6). 

R 2 Si—Co(CO) 4 


I 



(III) (IV) (V) 


2. Complexes with Hydrogen-Bridged Silicon-Transition Metal Bonds 
In 1969, Hoyano, Elder, and Graham reported the synthesis of the 
complexes Ph 2 SiH 2 Re 2 (CO) 8 , Ph 2 SiD 2 Re 2 (CO) 8 , and Me 2 SiH 2 Re 2 (CO) 8 
(143). Spectroscopic evidence strongly suggested that these compounds are 
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transition metal hydrides of a new type with hydrogen atoms bridging the 
Si—Re bonds. A single-crystal X-ray diffraction study on Ph 2 SiH 2 Re 2 (CO) 8 
failed to locate the bridging hydrogen atoms, but indicated that a hydrogen 
occupies the otherwise vacant sixth coordination site of each of the two 
rhenium atoms, forming bridges to the silicon. Further members (26) of this 
class are shown in Table IV. All the compounds are produced by UV 
irradiation of the parent silanes with the appropriate metal carbonyls. 

An X-ray study of the Mn derivative (VI) has located the single bridging 
hydrogen atom (26). The Si—H bond length is 1.76 A, compared with a 
normal length of 1.48 A, and the sum of the van der Waals radii, 3.1 A. The 
bridging hydrogen atom is 2.07 A away from the carbon atom of the adjacent 
carbonyl group. 


O 

I 

c 



Ph^Ph'Vh 

(VI) 


A recent X-ray study of (Et 2 Si) 2 H 2 W 2 (CO)„ has been interpreted 
in terms of two W—Si bonds [2.586(5) A] and two 3-center 2-electron 
W—H —Si bonds [2.703(4) A] (26a). 


3. Silylene Complexes and Compounds with R 2 Si^ Bridges 
The reaction between HMe 2 Si—SiMe 2 H and Fe(CO) s in cyclohexane, 
either photochemically at 30° C or thermally at 120° C, has given 
(Me 2 Si) 2 Fe 2 (CO) 7 , (VII) (174). Related compounds, involving GePh 2 (107) 
and GeMe 2 (3) bridges, are known. An X-ray study has established the 
structural type (VII) for (Ph 2 Ge) 2 Fe 2 (CO) 7 (107). The Me 2 Si bridges of 
(VII) show fluxional behavior (activation energy, 9 kcal mole -1 ): the *H 
NMR spectrum at —72° C consists of two resonances which coalesce at 
—46.5° C (90 MHz) to give a broad signal sharpening to a singlet at 25° C 
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Me 2 

M = Ru, Os 


(VIII) 




Me 2 
(IX) 


(CO), 

MejSi''? V'SiMej 


(OC)jOs--—Oa(CO) 3 

Me 2 


(X) 


(8.89 r). Reactions between disilanes (Me 3 SiSiMe 2 H, HMe 2 SiSiMe 2 H) 
and Ru and Os carbonyl complexes have afforded (VIII)-(X) (39). 

The compound [Cl 2 SiFe(CO) 4 ] 2 is obtained from Fe(CO) s and HSiCl 3 , 
in a sealed tube reaction (148). It is presumably a member of the family of 
Group IVB-iron metallocycles of structural type (XI) (40, 246). Two Ni 




Si—M and Si—C—M Transition Metal Complexes 


293 


group derivatives, possibly also of this type, have been obtained [Eqs. (97) 
(65), (98) (177)]. However, if the products of Eqs. (97) and (98) were mono- 

(Cl 3 Si)PtH(dipho8) R J^ H 2 ‘ 0hr > [CbSiPtCdiphos)], (97) 


(Ph 3 P) 4 Ni + HSiClj —► [(PhjP) 2 NiSiClJ x (98) 


meric they could then be formulated as complexes containing the dichloro- 
silylene ligand. Such a formulation has been proposed for two platinum 
compounds [Eq. (99) (X = Cl, Br) (215)]. 

(X 3 Si) 2 Pt(PPh 3 ) 2 + Ph 3 P -» (X 3 Si)jPt(PPh 3 ) 3 + Ph 3 PX 2 (99) 

The complex (Ph 3 P) 2 Pt(SiCl 2 ) 2 was monomeric in benzene, and reacted 
with diphenylacetylene to give a 1:1 adduct (also monomeric in benzene). 
On this basis, together with IR data, structure (XII) rather than (XIII) was 
preferred for the SiX 2 compounds, and the adduct was formulated as (XIV). 


PhjP^ SiCl 2 

PhjP^ ^SiCl 2 

PhjP^ \SiCl 2 

Ph 3 P^ ^SiCl 2 

(XII) 

(XIII) 


,r \ 


4. Derivatives of Strained Organosilicon Heterocycles 

The strained-ring compound 1,1-dimethyl-l-silacyclobutane (which may 
be regarded as an “olefin” of organosilicon chemistry) reacts with diiron 
nonacarbonyl in benzene at 6°-20°C as shown in Eq. (100) (89). (There is 
here some analogy with the reactions of transition metal complexes with 
strained hydrocarbons, which often produce valence tautomerization.) The 

I-1 I I 

Me 2 SiCH 2 CH 2 CH 2 + Fe 2 (CO), -► (CO) 4 FeSi(Me 2 )CH 2 CH 2 CH 2 + Fe(CO) 5 (100) 
(XV) 

proposed structure for (XV), together with some representative reactions, 
is shown in Fig. 4. Compound (XV), which is thermally stable, is unusual in 
having both Si—M and C—M bonds and may be the forerunner of a family 
of stable transition metal chelate alkyls. The insertion of an [Fe(CO) 4 ] unit 
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ClCH 2 CH 2 CH 2 SiMe 2 Cl 





_CO 

OC \ I /CH 2 -ch ; 

CH 3 CH 2 CH 2 SiMe 2 Cl +“5!- Fe^ J H 2 Q, 

OC J._ i 


r CH 2 CH 2 CH 2 SiMe 2 OH 
I X Si-CH 2 + (CHjCH 2 CH 2 SiMe 2 ) 2 0 

LO Me, 

(XV) 


Phosphorui 


Ligands (L) 


LFe(CO)< 

+ L 2 Fe(CO) 3 

+ organosilicon polymei 


Fe(CO) s 

+ traces organosilanes 
Fig. 4. Synthesis and reactions of a ferrasilacyclopentane. 


under these conditions appears to be a general reaction for silacyclobutanes, 
1,3-disilacyclobutanes, and 2,3-benzo-l-silacyclobutenes. Complexes of 
type (XV) may play a role in the transition metal-catalyzed [e.g., using 
(Ph 3 P) 3 RhX (X = Cl, CH 3 )] polymerization of such strained silicon 
heterocycles, as illustrated for a silacyclobutane in Fig. 5 (L X M—X 
represents the transition metal complex) (88). 

5. Compounds with [5iX 3 ]“ and Related Anions 2 
The reactions of silicon hydrides with low-valent phosphine complexes of 
Fe, Co, and Ni have led to the isolation of a number of products in some of 
which the silicon moiety may be present as an [SiX 3 ]~ anion (177). Examples 
are given in Eqs. (102)—(103). 2 Definitive confirmation of these formulations 

(diphos) 2 FeHCl + HSiCl 3 — (diphos)Fe(Cl)SiCl 3 (101) 

(diphos) 2 CoH + HSiMejCl — [(dipho8) 2 CoH 2 ]SiMe 2 Cl (102) 

(diphos)jNi + HSiClj — [(diphos) 2 NiH]SiClj (103) 

1 A complication in these reactions is that HC1 gas reacts with the low oxidation state, 
e.g., Co (I), substrates, and HC1 are difficult to remove from chlorosilanes {248). 




Fig. 5. Mechanism of the transition metal-catalyzed polymerization of a silacyclobutane. 


Metal Complex 
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is not available. However, IR spectra serve to identify the cations of Eqs. 
(101)—(103), which are also known as the perchlorates. The latter may be 
obtained as in Eq. (104) (177). 

[(dipho 8 ) 2 NiH]SiCl 3 + HC10 4 — [(diphos) 3 NiH]C10 4 (104) 

These compounds form an interesting contrast to the Lewis base adducts of 
silyl-metal carbonyls (Section II,C,4), where silicon is thought to be 
present in a cation. 


6. (R^Si — O—)-Bonded Derivatives of Transition Metal Carbonyls 

It has been noted (Section II,B,1) that reactions between transition metal 
carbonyl anions and silicon halides often fail to produce species containing 
silicon-transition metal bonds, and that such failure has been ascribed to 
nucleophilic attack by carbonyl oxygen. It is therefore interesting that 
compounds containing Si—O—C—transition metal linkages have recently 
been isolated from such reactions [Eqs. (105) (R = Me, Ph) (183) and (106) 

RjSiCl + Li[Coj(CO) I0 ] Eti ° > RjSiOCCoj(CO), + LiCl (105) 

(XVI) 

4(CH 3 ) 3 SiI + 2Na 2 Fe(CO) 4 THF > {[(CH 3 ) 3 Si] 2 Fe(CO) 4 } 2 + 4 Nal (106) 
(XVII) 

(192,192a)]. The dimeric complex (XVII) appears to react with anhydrous 
(XVII) + 2 HC1 HCI - [MejSiFe(COH)(CO) 3 ] 2 + 2 MejSiCl (107) 

MejSiCl + EtjN 

(XVIII) 

HCI as in Eq. (107). The structures proposed for (XVI)-(XVIII) are shown 
below; a single crystal X-ray study of (XVII) is in progress (192,192a). 

The complexes R 2 SiCo 4 (CO), 4 (R = Et, Ph) also contain a 
Si—O—C—Co linkage (Section II,E,1). 
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Si 

Me 3 

(XVIII) 


Note: It is now known (247) that structures (XVII) and (XVIII) are 
incorrect, and that (XVII), correctly formulated (Me 3 SiOC) 4 Fe 2 (CO) 6 , 
contains a ferracyclopentadiene skeleton. 

Ill 

TRANSITION METAL-CATALYZED HOMOGENEOUS 
HYDROSILYLATION 

A. Introduction 

Substantial advances have been made in the field of hydrosilylation [Eq. 
(108)] since 1965, when a comprehensive mechanism (Fig. 6) for catalysis by 
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^.R3 / R3 

>C=C< + RjSiH -► H^C—C—SiRj (108) 

R 2 R 4 R2' \R< 

noble metal complexes was first published (55). Section III covers this era 
and is specific to homogeneous hydrosilylation with particular emphasis on 
the organo(transition)metallic catalyst involved. [A summary of the General 
Electric Company contribution to this field is available (54)]. Excluded, 
therefore, are other catalytic systems (metals on supports, radical initiators, 
organic bases, UV irradiation, etc.), all of which have been largely super¬ 
seded by the new transition metal systems, and which, in any case, are well 
documented (105, 180). The nature of the reacting substrates (olefin and 
silane) will not be discussed in detail except where this is of direct relevance 
to the inorganic standpoint. 

Hydrosilylation and related reactions of silanes are now of industrial 
significance (196). The reaction was first observed at high temperature as 
early as 1945, but the major credit for its discovery rests with Sommer and 
co-workers who, in 1947, obtained a quantitative addition reaction between 
1-octene and HSiClj in the presence of diacetyl peroxide (225). Hydro¬ 
silylation is an extremely useful tool for attaching organic fragments 
containing reactive functional groups to Si and for the cross-linking of 
silicone polymers. This finds application in the intermediates, resins, and 
rubbers technology of silicones (105, 196). Its importance in the latter area 
must surely grow as the nature of homogeneous catalysis becomes better 
understood and tailormade products (e.g., a material inert at ambient 
temperature but heat-activated) are developed for an increasingly sophisti¬ 
cated market. Silicone RTV (room-temperature-vulcanized) rubbers based 
on this reaction are superior to others in the silicone field, in that they 
exhibit excellent storage and heat stability together with rapid heat cure, 
low shrinkage, and the absence of volatile by-products. The one major 
disadvantage of transition metal catalyst systems is their susceptibility to 
poisoning, particularly by good donors. 

The most common catalyst used to date is chloroplatinic acid (also 
known, after its discoverer, as Speier’s catalyst); it is now clear that, 
contrary to earlier views (23), hydrosilylation is a homogeneous process 
(25, 208). A major problem is that of reproducibility, and efforts are being 
made to utilize soluble transition metal complexes. Information about such 
systems has been used in the interpretation of some related catalytic 
heterogeneous reactions (232). 

The types of transition metal complexes used in hydrosilylation are shown 
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TABLE VI 

Some Hydrosilylation Complexes of Group VIII 


Complex” 

References 

Co 2 (CO) 8 

13, 52, 57, 130 

HCo(CO)„ 

13, 14, 57 

(Ph 3 P) 3 Co(H)X 

5 

(Ph 3 P) 3 RhCl 

52, 60, 135 

(R 3 P) 2 Rh(CO)Cl 

60, 135 

(Ph 3 P) 3 Rh(CO)H 

52 

Rh 2 Cl 2 Y 4 

52, 55, 60 

Cl 2 EtSiRhHCl(PPh 3 ) 2 

135 

(chelate)NiCl 2 

173 

(Ph 3 P) 2 PdZ 

229 

(Ph 3 P) 4 Pd 

128, 229 

(Ph 3 P) 4 Pt 

229 

Pt 2 Cl 4 (olefin) 2 

25, 55, 204, 224 

(Ph 3 P) 2 Pt(C 2 H 4 ) 

240 

Ziegler-type catalysts [e.g., Co(acac) 3 /AlEt 3 ] 

178 


0 R = Ph or Et; X = H 2 , N 2 , or (H)Si(OEt) 3 ; V = CO or C 2 H 4 ; 
Z = maleic anhydride or/>-benzoquinone; olefin = ethylene, ethylcyclo- 
hexene, styrene, etc.; acac = acetylacetonato; (chelate) = 



in Table VI; no attempt has been made to cover the extensive patent 
literature. Though salts or complexes of numerous elements have been 
claimed as catalysts, the vast majority of published work concerns Group 
VIII systems (105, 180 ); no active osmium complexes have been reported 
and this may be associated with their high cost. Iron carbonyls have been used 
by Russian workers, but high temperatures (130-140°C) are required (e.g., 
175a). Early reports suggested that soluble Pd(II) complexes do not catalyze 
hydrosilylation because of their ease of reduction (55), but later work (128, 
229) serves to emphasize that a noble metal provides a suitable center for 
homogeneous catalysis given a suitable coordination environment. 
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8 . Chloroplatinic Add as Catalyst 

The proposed mechanism for the hydrosilylation of olefins catalyzed by 
chloroplatinic acid is outlined in Fig. 6. Catalysis by square-planar or 
trigonal bipyramidal d s complexes can be similarly described (54, 55, 105). 


HjPtCl 6 -6 HjO 


K a* 

:X 


(XX) 



(XXI) 



L 


' >C ^pX+ RjSi—C—CH 

iX X 

(XX) (XXIII) 


Fig. 6. Hydrosilylation mechanism for chloroplatinic acid. L = unspecified ligand, 
presumably chlorine, hydrogen, or coordinated solvent. 
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The initial reaction (1), which probably occurs during the induction 
period commonly accompanying hydrosilylations, is the silane reduction of 
the catalyst, a d 6 Pt(IV) complex. The resulting square-planar d 8 Pt(II) 
complex (XIX), which either contains a weakly held ligand or solvent 
molecule capable of ready replacement within its coordination sphere, then 
(step 2) coordinates, and hence activates, substrate olefin. The importance 
of vacant sites within the coordination sphere of a homogeneous catalyst 
molecule has often been emphasized (78a, 79), and coordinated olefins are 
known to show enhanced susceptibility to attack by nucleophiles ( 129 ); this 
might include H - derived from Si—H cleavage (55). A complex such as 
(XX) is clearly related to Zeise’s anion (87). It is noteworthy that the latter, 
as well as other olefin Pt(II) and Rh(I) complexes are catalysts (55); their 
activity in terms of the scheme of Fig. 6 requires an olefin-olefin exchange 
step at the transition metal center and this is a well-known process. 

In step (3), silane adds oxidatively (see Section II,B,7) to provide a d 6 
octahedral intermediate (XXI). The d 8 and d'° complexes of Table VI are 
such that they readily undergo oxidative addition (79, 133), including 
hydrosilylation (Section II,B,7). Often, for d % substrates, oxidative 
additions occur most readily with third-row elements and those on the left 
of Group VIII [i.e., Os(0) the most reactive and Ni(II) the least (79)]. 
Reversibility in these systems is well established [e.g., Ir(I) ^ Ir(III) (233)] 
and has specifically been noted for silanes (51, 55, 132, 133) (Section 
II,B,7). The catalysis by chloroplatinic acid of H/D exchange at silicon may 
be accounted for by a similar mechanism (203). This reaction proceeds with 
retention of configuration at Si and it is therefore probable that retention 
also occurs in step (3), because the overall hydrosilylation process likewise 
occurs with retention (224). Retention of configuration at Si in transition 
metal-catalyzed hydrosilylation, and evidence that silanes add in a cis 
manner (23, 219), has the following mechanistic implications: (a) step (4) 
must involve cis addition of hydrogen and platinum to the double bond, and 
(b) the formation of the hydrosilylated product (XXIII) occurs with 
retention of configuration at both Si and C (224). Consistent with this, when 
the unsaturated substrate is RC=CH or 1 -methyl-d 3 -cyclohexene, stereo¬ 
specific cis addition results in the formation of the trans-hydrosilylated 
product (XXIII) (23, 219). 

Step (4) has recently been suggested to be rate-determining (204); it 
involves a rearrangement from an olefin n- to an alkyl cr-complex. The latter 
is postulated to react with more olefin [step (5)], regenerating (XX) and 
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forming the hydrosilylated product (XXIII); the cycle is thus complete. 
Step (4) must be assumed to be reversible in order to account for the 
isomerization of the olefin which frequently accompanies hydrosilylation 
(105). Stepwise isomerization along an alkyl chain may alternatively (Fig. 7) 
be explained by the involvement of 77 -allyl-hydrido-metal species. 

The mechanism for hydrosilylation in Figs. 6 and 7 clearly has much in 
common with suggestions regarding homogeneous transition metal 
catalysis for other processes involving olefins, such as hydrogenation, 
isomerization, the oxo reaction, and oligo- and polymerization. 


P- 

r 



X ^ ^ 

HCV-M—Si 


Fig. 7. Isomerization and hydrosilylation. 


C. Other Transition Metal Systems as Models for the Hydrosilylation 
Mechanism 

The chloroplatinic acid system is not suitable for the identification of 
intermediates, such as those suggested in Fig. 6 . However, related com¬ 
plexes have been obtained, or evidence for their formation has been 
provided, in other systems, which we may therefore regard as models. 
Reference is also made to Sections II,B,4 and 7, and II,C,3. 

A six-coordinate Pt(IV) compound [Eq. (109)] has recently been 
characterized (27, 29) (see Sections II,B,7 and II,C,3a); this has both 
Pt—Si and Pt—H but not Pt—olefin, [such as (XXI)] or Pt— alkyl [such as 
(XXII)] bonds. 



Si—M and Si—C—M Transition Metal Complexes 


303 



I ” PEtj 

► Pt 

/I \ 

EtjP I SiH 2 I 



Si—Pt(IV) complexes have been suggested as intermediates in other 
reactions involving Pt(II) reagents: e.g., tra«r-R 3 SiPtCl(PEt 3 ) 2 + GeH 3 Cl 
(28), HC1 (71), H 2 (71), and PhC^CH (114); tranj-(Et 3 P) 2 Pt(D)Cl+ 
SiH 3 Cl (27); and m-(Bu 3 P) 2 PtCl 2 + R 3 SiH (54). Similarly, synthetic 
routes to Si—M compounds have sometimes been considered to proceed 
via such species (71) (Section II,B,4 and 5). 

The rf 8 Ir(I) complexes tram-(Ph 3 P) 2 Ir(CO)Cl and (Ph 3 P) 3 Ir(CO)H 
have been studied as hydrosilylation models (51, 54, 55,131,132). They are 
not hydrosilylation catalysts though both oxidatively add silanes and the 
addition is reversible (Fig. 8 and Section II,B,7). The ambient temperature 


ph 3 p | 

Ir-PPh 3 

Ph 3 P^ | (XXVIII) 
CO 


Ph 3 P f Rj H 

>SiH \J / -R, 


Cl^ I ^PI 


(XXVII) 

II E‘>SiH 



Fig. 8. An iridium hydrosilylation model system. 


CO 

(XXVI) 
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equilibrium (XXIV) ^ (XXV) is markedly dependent on the electro¬ 
negativity of the groups attached to Si; only when these are strongly 
electronegative (e.g.. Cl) is (XXV) isolated (54, 55). Such results have 
recently been given a quantitative description based on differences in the 
activation enthalpy of the reductive elimination process; the dominant 
factor governing the equilibrium is the strength of the Ir—Si bond and this 
decreases with increasing alkyl substitution at silicon ( 133). 

For trialkylsilanes as substrates, evidence for the intermediacy of 
compounds (XXV) is available. Thus, /raas-(Ph 3 P) 2 Ir(CO)Cl is an efficient 
catalyst for H/D exchange at Si (223), and adds trialkylgermanes irreversibly 
(114). It is probable, therefore, that for R 3 SiH the equilibrium is almost 
wholly in favor of (XXIV). The latter reacts with Et 3 SiH at reflux to give 
the silyldihydrido complex (XXVI) (51). The chlorotrialkylsilane elimi¬ 
nation step and the interrelation of (XXIV), (XXV), and (XXVII) is 
similar to that suggested for the Cl/H exchange of Eq. (110) (54, 55). 


SiRj' 

RjP. .Cl R 3 P I H 

\ R 3 'S.H \ -Rj'SiCl 

Cl PRj Cl ^ PR 3 




^PR 3 

(110) 


Complex (XXVI) may also be obtained from (XXVIII) (51, 131, 132), 
with (XXVII) (132) as intermediate. Confirmation for the two equilibria 
was provided when it was demonstrated that by varying the concentrations 
of Et 3 SiFI and Ph 3 P the ratio of (XXVI): (XXVI11) was altered (54). The 
stereochemistry shown for (XXVI) has not been confirmed, but cis addition 
to (XXVII) is likely by analogy with the addition of hydrogen to trans- 
(Ph 3 P) 2 Ir(CO)Cl and of silanes to (Ph 3 P) 3 Ir(CO)H (131). The greater 
stability of complexes (XXVI) than their chloro analogs (XXV) is in accord 
with the view that oxidative additions are promoted by electron-releasing 
ligands within the coordination sphere of the reactant complex (79). 

The hydrosilylation inactivity of frans-(Ph 3 P) 2 Ir(CO)Cl may be due 
to the strength of the P—Ir bonds. Thus, the Rh(I) analog is an active 
catalyst (52, 60, 135) and indeed is superior to the hydrogenation catalyst 
(Ph 3 P) 3 RhCl (197). Oxidative addition of silanes to both Rh complexes is 
well known (Section II,B,7) (132) and the adducts are believed to have a 
trigonal bipyramidal configuration, as has been confirmed in one case by an 
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X-ray diffraction study (173). Attempts to obtain a six-coordinate species by 
addition of excess ligand (MePh 2 P, C 2 H 4 , or CO) usually results in silane 
elimination (Section II,C,3f) (60, 132). 

The complex Cl 3 SiRhHCl(PPh 3 ) 2 , in which a potentially free sixth 
coordination site about the Rh atom is blocked by a phenyl hydrogen atom 
(191), has low activity. Olefin does not insert into the Rh—H bond (54, 60), 
and hence this complex is not likely to be an intermediate in the hydro- 
silylation of olefins using (Ph 3 P) 3 RhCl. Factors influencing the relative 
importance of ligand replacement and olefin n- to alkyl a-metal bonding 
have been discussed (54). 

Of the Rh complexes so far examined, the chlorine-bridged Rh 2 Cl 2 X 4 
(X = CO or C 2 H 4 ) are the most efficient, causing exothermic reaction of 
1-hexene and R 3 SiH at ambient temperature (55, 60). The active catalyst 
is believed to be (XXIX) [Eq. (Ill) (X = CO, C 2 H 4 ; s = solvent) 
(60)]. A reactivity order (R = Et or Ph) based on yields is Rh 2 Cl 2 X 4 > 
(R 3 P) 2 Rh(CO)Cl > (Ph 3 P) 3 RhCl, but the positions of the last two appear to 
be reversed at 60° C (135). Adventitious traces of oxygen have a marked 

Rh 2 Cl 2 X 4 + 2 RjSiH 2 RjSiRhHClXsj + 2 X (111) 

(XXIX) 

catalytic effect (60). The complex (Ph 3 P) 3 RhCl with HSiCl 3 is not 
particularly efficient at 15° C (60), but is a satisfactory hydrosilylation 
catalyst when used in a closed system at higher temperature (135). The yield 
of the hydrosilylated product C 6 H 13 SiR 3 (R = Ph > Et > Cl) is inversely 
proportional to the stability of the complexes R 3 SiRhH(Cl)(PPh 3 ) 2 (135). 
Excess of 1-hexene is not isomerized during the reaction and the hexylsilanes 
formed are essentially terminal. This complex is interesting in that, unlike 
other common catalysts, including H 2 PtCl 6 , the rate of hydrosilylation is 
greater than that of isomerization (52). An analogous situation has been 
reported for hydrogenation but both hydrogen atoms were believed to add 
to the olefin in a concerted fashion (197). A similar scheme for hydrosilylation 
would not allow for isomerization, yet internal olefins (e.g., 2-pentene) yield 
terminal products (52,135). 

The complex EtCl 2 SiRhH(Cl)(PPh 3 ) 2 , unlike the Cl 3 Si analog, has 
identical activity to (Ph 3 P) 3 RhCl. It has been suggested that both com¬ 
pounds predissociate to afford the same active species (135). 

An interesting study has been made of the susceptibility of rhodium 
catalysts to inhibitors (52). Good yields of adduct are obtained from the 
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reaction of PhMe 2 SiH with acrylonitrile, using (Ph 3 P) 2 Rh(CO)H; in this 
system, there presumably is free phosphine. Triphenylphosphine and 
acrylonitrile are frequently used to inhibit olefin hydrosilylations catalyzed 
by platinum. The same Rh complex is also active in the presence of a tenfold 
excess of tributylamine. Such catalysts may therefore have a useful role for 
hydrosilylations of strongly coordinating olefins; the behavior of the Rh 
compound has been likened to the “poisoned” heterogeneous hydrogenation 
catalysts due to Lindlar {52). (Ph 3 P) 4 Pt also functions as a catalyst {229), 
and yet dissociates to give free phosphine {82). 

By analogy with hydroformylation, dicobalt octacarbonyl has been 
examined as a hydrosilylation catalyst. Various silanes and a-olefins react, 
often exothermically. Thermal deactivation occurs above 60° C; hence, 
large exotherms and high temperatures must be avoided {56, 57, 130). Iso¬ 
merization is more pronounced than for the bridged olefin complexes of 
Pt(II) and Rh(I) (see below); it even occurs with trialkoxysilanes (57). 
Though isomerization is faster than hydrosilylation, little variation in the 
relative rates of these two processes with the nature of the silane is observed; 
this is in marked contrast to the bridged systems (55). 

Excess of the olefin is desirable so that the formation of Si—Co complexes 
[Eq. (112) and Section II,B,7] is suppressed (54, 57). These silyl complexes 
are not hydrosilylation catalysts. 

Co 2 (CO)j 4 2RjSiH — 2R 3 SiCo(CO) 4 4 H, (112) 

When dicobalt octacarbonyl is added to the silane prior to olefin addition, 
the activity of the system is drastically reduced (13, 14). 

The proposed mechanism, due to Chalk and Harrod, is outlined in Eqs. 
(113)—(116) (n = 3 or 4), though it is recognized that this scheme is an 
oversimplification (54,57); it is probable that, in the absence of CO pressure, 
the coordinatively unsaturated tricarbonyls, not tetracarbonyls, are the 
catalytic intermediate (54). 

Co 2 (CO)» + RjSiH — HCo(CO), + R 3 SiCo(CO) 4 + (4 - n)CO (113) 
HCo(CO)„ + R'HC=CH 3 — R'CH 2 CH 2 Co(CO)„ (114) 

R'CH 2 CH 2 Co(CO)„ 4 R 3 SiH — R'CH 3 CH 3 SiR 3 4 HCo(CO)„ (115) 

R'CH 3 CH 3 Co(CO), 4 R 3 SiCo(CO) 4 — R'CH 2 CH 2 SiR 3 4 Co 3 (CO) 8 (116) 

Consistent with this mechanism, HCo(CO) 4 is an effective hydrosilylation 
catalyst (13, 14, 57). In the absence of olefin, R 3 SiCo(CO) 4 is formed 
(Section II,B,4). 
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Equation (114) is also a step in hydroformylation (54,58) and has received 
independent confirmation. Equations (115) and (116) have not been tested, 
probably because of the ready CO insertion of alkylcobalt carbonyls (138). 
Reaction of alkylcobalt carbonyls, prepared in situ, with trialkylsilanes 
(giving tetraalkylsilanes) and with silylcobalt carbonyls (no alkyl substitution 
at silicon was observed) shows that Eq. (116) remains unproven (54). The 
intermediacy of an alkylcobalt species has been questioned, because hydro- 
silylation does not occur when the reactants [Me 3 SiH, C 2 H 4 , and HCo- 
(CO) 4 ] are mixed in the gaseous phase. This contrasts with the liquid-phase 
situation, where rapid reaction gives high yield of the hydrosilylated 
product. An alternative, highly polar intermediate was suggested, possibly a 
transitory Tr-olefin HCo(CO)„ complex, which might be stabilized by 
solvation (13, 14). 

Two significant communications indicate the considerable potential 
of transition metal complexes as multifunctional homogeneous catalysts 
in the silane field (5, 53). Here the same catalyst activates silanes toward 
different substrates and it is probable that all proceed via a common metal 
hydrido intermediate. Both Co 2 (CO) 8 and (Ph 3 P) 3 CoHX [X = H 2 , N 2 , or 
(H)Si(OEt) 3 ] catalyze O-silylation and hydrosilylation; the hydrogen on Si 
may be replaced by R'O, R'COO, R'CONH, or R 3 SiO [e.g., Eqs. (117)— 
(120)], and excellent yields of silylated product result. Phenolic groups do 


Et 3 SiH 


RCH=CH; 


R'OH 

(R' = Et or PhCHj) 


McCOOH 


MeCONH, 


RCH 2 CH 2 SiEt 3 
EtjSiOR' + H 2 


EtjSiOOCMe + H 2 
EtjSiHNOCMe + H 2 


U17) 

(118) 

(119) 

(120) 




■CH 2 OH + EtjSiH 


CHjOSiEtj + H 2 


(122) 
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not undergo O-silylation, in what is an extremely selective reaction [Eqs. 
(121) and (122)] (53). The scope of such selective silylation in the protection 
of reactive organic groups has been stressed (53). Other reactions of silanes 
with transition metal complex catalysts which merit further study are 
halogenation and reaction with organic halides [including acyl halides (101)] 
(67, 104, 209), H/X exchange at silicon [X = halogen (104, 173), alkyl (22), 
deuterium (224)], the polymerization of strained ring species (e.g., silacyclo- 
butane) (20, 88, 89, 182) (see Section II,E,4), Si—Si bond cleavage (240a), 
and the synthesis of organosilicon compounds by the Grignard route (84). 

For catalysis by Pt(II) and Rh(I) 77-olefin complexes (those containing 
chelating diolefin ligands were less effective), three types of reaction have 
been observed depending on the nature of the silane (55). 

(1) With alkoxysilanes, rapid hydrosilylation of the terminal olefin 
occurs, without isomerization, to give high yield of adduct. 

(2) The most common behavior, especially for substrates with Si—Cl 
bonds, is the extensive isomerization of excess of olefin during rapid 
hydrosilylation. 

(3) With alkyl- and arylsilanes, concurrent isomerization and hydro¬ 
silylation occur, but the rates of both processes fall away rapidly due 
to some reduction to the metal; such deactivation is temperature- 
dependent, and high yields of adduct are obtained with these silanes 
when additions are carried out slowly at ambient temperature. 

Palladium complexes are readily reduced by silanes to the free metal, so 
that even with excess of olefin present they do not, in general, act as homo¬ 
geneous catalysts in hydrosilylations (55). Recently, however, it has been 
shown that hydrosilylation of butadiene dimer occurs in the presence of 
bis(triphenylphosphine)palladium complexes containing maleic anhydride 
or benzoquinone ligands (229). R 3 SiH (R = Me or Et) gives the 1:2 adduct, 
R 3 SiCH 2 CH=CHCH 2 CH 2 CH==CHCH 3 , exclusively, whereas Cl 3 SiH 
and Me 2 PhSiH afford normal 1:1 adducts X 3 SiCH 2 CH=CH—CH 3 . 
Similar results were obtained using metallic palladium in the presence of 
excess of triphenylphosphine (128). It has been suggested that compounds 
containing Pd—H bonds are the active intermediates and that reaction 
proceeds by insertion of butadiene (223). A similar explanation for the 
formation of a significant quantity of C 12 H 25 SiCl 3 , during the reaction of 
HSiCl 3 with 1-hexene catalyzed by Rh 2 Cl 2 (CO) 4 , requires the consecutive 
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insertion of olefin into Rh—H and Rh—alkyl bonds (60). This 2 olefin :1 
silane adduct is not observed when the more readily polymerizable C 2 H 4 is 
the substrate (52). Interestingly, high molecular weight polymer has been 
obtained from tetrahydrofuran and other cyclic oxides in the presence of a 
Co 2 (CO) 8 /silane mixture at ambient temperatures (53). 

(Ph 3 P) 4 Pd and certain Pd(II) complexes in the presence of an excess of a 
tertiary phosphine also function as active catalysts (128). This indicates that 
palladium species may have potential provided they are protected from 
destructive reduction by the choice of suitable ligands. A complex species 
[(Ph 3 P) 2 Pd] x gradually forms in the Ph 3 P—Pd metal mixture (128). 

Kumada has extended hydrosilylation by phosphine-stabilized complexes 
into nickel chemistry (173). The most effective catalyst is (XXX). This 



thermally stable brown complex also catalyzes H/Cl exchange at Si and the 
exchange product frequently predominates in the hydrosilylation of 
1-alkenes [e.g., Eq. (123)]. 


Cl 

I 

MeChSiH + C 7 H ]4 =CH 2 -*• C 8 H I7 —Si—Cl (16%) 


Cl 

I 

+ C 8 H, 7 —Si—H (79%) 

I 

Me 


Other dichloro(ditertiary phosphine)nickel(II) complexes (see Table VI) 
catalyze both hydrosilylation and H/Cl exchange, but analogous complexes 
containing monodentate phosphine ligands or bidentate amine groups are 
essentially inactive (173). 
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It is probable that during hydrosilylations these Ni(II) complexes are 
reduced to 7r-olefin Ni(0) species which then undergo an oxidative addition 
in an identical manner to that already discussed for the chloroplatinic acid 
case. There is current interest in such oxidations (83), and the platinum 
analog (Ph 3 P) 2 Pt(olefin) has been shown in one case (olefin = C 2 H 4 ) to be 
an excellent hydrosilylation catalyst (240). In this system, intermediate low 
oxidation state Pt species have been isolated; their nature is dependent on 
the electronegativity of the other groups attached to silicon. 

Hydrosilylation by Ziegler-type catalyst systems [e.g., Ni(acac) 2 /AlEt 3 ] 
has been examined for the reaction of 1-octene with Et 3 SiH in benzene 
(178). Complications include competing isomerization and reduction to 
metal; however, 1,3-dienes or terminal acetylenes are readily hydrosilylated; 
withRC i CH, the major product is CH 2 :CR. CR:CHSiX 3 . 

Further material relevant to Section III appears in references 4a, 25a, 
45a, 11 Ob, 203c, 229a, 233a, 240b, and 240c. 


IV 

ORGANOMETALLIC COMPLEXES WITH 
SILICON-CARBON-TRANSITION METAL BONDS 

During 1970 two groups of workers independently drew attention to a 
type of alkyl ligand which was expected to have significance in transition 
metal chemistry (78, 239). This may formally be regarded as a carbanion in 
which one or more a-H atom(s) has been replaced by an organometallic or 
organic (e.g., tert-alkyl, aryl, OR, etc.) group. Illustrations referred mainly 
to the ligand Me 3 SiCH 2 ~. 


A. Introduction and General Survey 

Transition metal alkyls are often relatively unstable; earlier views had 
attributed this either to an inherently weak M—C bond and/or to the ready 
homolysis of this bond to produce free radicals. Furthermore, the presence 
of “stabilizing” 7r-acceptor ligands such as Cp - , CO, or R 3 P was regarded as 
almost obligatory. However, (1) the M—C bond is not particularly weak 
compared say to the M—bond, and (2) the presence of the new type of 
ligand on the metal could make the complex kinetically stable; thus, even 
“isoleptic” complexes, i.e., compounds of the form MR„, might be accessible 
(78, 239). These predictions have largely been borne out (see Table VII). 
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Method o 
prepara tioi 

f 


Compounds 

(Yield, % 

) Comments 11 

References 

(Me 3 SiCH 2 ) 3 Sc.2THF 

1 (70) 

M.p. 62°-63°; w; monomer 
inC 6 H 6 ; p„ScC 3 , 460 cm" 

176a 

(o-MeOC 6 H 4 SiMe 2 CH 2 ) 3 Sc 1 (95) 

M.p. 115°-120° (decomp.); 
c; v„ScC 3 , 480 cm’ 1 

176a 

(Me 3 SiCH 2 ) 4 Ti 

1 (73) 

M.p. 0°-l°; b.p. ~25°/10 -3 76, 77 

mm Hg; p-y; v.,TiC 4 , 

500 cm -1 ; monomer in C«H«; 
(Me 3 SiCH 2 ) 3 Ti + in mass 

(Me,PhSiCHj) 4 Ti 

1(75) 

M.p. ~0°; involatile; p-y; 
v„TiC 4 , 505 cm' 1 ; 
monomer in C t H t . 

77 

(MePh 2 SiCH 2 ) 4 Ti 

1(60) 

P-y liquid; v„TiC 4 480, 

520 cm’ 1 

77 

(Me 3 SiCH 2 ) 2 TiCp 2 

1 (60) 

M.p. 185°; o solid; subl. 

50°/l0 -4 mm; v„TiC 2 , 

444 cm" 1 ; P + 

73a, 76, 78, 
238, 239 

(Me 3 SiCH 2 ) 4 Zr 

1(73) 

M.p. 10°-11°; b.p. ~25°/10- J 
mm Hg; c; pyrophoric; 
i> aI ZrC 4l 470 cm' 1 ; 
monomer in C 4 H t ; no Zr 
fragment in mass spec. 

76, 77 

(PhMe 2 SiCH 2 ) 4 Zr 

1 (66) 

M.p. 12°-14°; p M ZrC 4l 475 
cm" 1 ; c; monomer in C 4 H 4 

77 

(Me 3 SiCH 2 ) 2 ZrCp 2 

1(70) 

M.p. 96°-97°; w; v„ZrC 2 , 

426 cm- , ;P + 

73a, 76, 78 

Me 3 SiCH 2 Zr(Cl)Cp 2 

1 (38) 

M.p. 118°-121°; p-y; KZrC), 77 

402 cm' 1 

(Me 3 SiCH 2 ) 4 HF 

1 (96) 

M.p. 8°-10°; b.p. ~50°/10 -3 
mmHg; c; pyrophoric; 
p„HFC 4 , 470 cm' 1 

176a 

(Me 3 SiCH 2 ) 2 HfCp 2 

1(50) 

M.p. 83°; w 

73a, 76, 78 

(Me 3 SiCH 2 ) 4 V 

1 (30) 

Also from VOCl 3 (20%); 
m.p. 43°, d-g; v(VC 4 ), 

504 and 430 cm" 1 ; p m „ 
15,625 and 23,600 cm" 1 
(<f310); Fe , r . 1.55 BM at 
308° K; ESR 

189a 

(Me 3 SiCH 2 ) 3 VO 

(50) 

By aerial ox. of 
(Me 3 SiCH 2 ) 4 V; m.p. 75°; 
subl. 70°/10-"mm Hg; 
p-y; v(VO) 985 cm’ 1 ; 
v(VC 3 ) 522 and 468 cm-*; 
>w 26,600 cm" 1 

189a, 239 
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TABLE VII— continued 


Method of 
preparation" 

Compounds (Yield, %) Comments* References 


(Me 3 SiCH 2 ) 4 (Me 3 SiC) 2 

Nb 3 


(Me 3 SiCH 2 ) 4 — 

(Me 3 SiC) 3 Ta 2 

(Me 3 SiCH 2 ) 4 Cr 1 (30) 


(Me 3 SiCH 2 ) 6 Mo 2 1 (15) 

Me 3 SiCH 2 Mo(CO) 3 Cp 2 (62) 

(Me 3 SiCH 2 ) 6 W 2 1 (20) 

Me 3 SiCH 2 W(CO) 3 Cp 2 (55) 

Me 2 PhSiCH 2 W(CO) 3 Cp 2 (40) 

Me 3 SiCH 2 Mn(CO) 3 1 (50) 

Me 3 SiCH 2 Fe(CO) 2 Cp 1 (70) 

2 (S9) 


Me 3 SiCH 3 FeCO(PPh 3 )Cp 


(Me 3 Si) 2 CHFe(CO) 2 Cp 2 (25) 
(Me 3 Si) 2 CHFeCO(PPh 3 )Cp (59) 


M.p. 152°; r-b; X-ray (Fig. 

9) shows Me 3 SiC bridges 
which form part of a 
Nb—C—Nb —t ring 

M.p. 170°; o; isostructural 
with the Nb complex 
From CrCl 3 .3THF; m.p. 
40°; subl. 40°/10~ 4 mm 
Hg; d-p; x(CrC 4 ), 536 
and 515 cm' 1 19,000 
cm' 1 (e 1060); p elr . 2.89 
BM at 296° K; ESR 
From MoC 1 3 ; m.p. 99°; 
subl. 100°/10- 4 mm Hg; 
y; KMo 2 C 6 ) 534, 484, 
and 440 cm" 1 ; X-ray (Fig. 

10) shows short Mo—Mo 
(triple ?) bond 

B.p. ~80°/10- J mm Hg; y 
liquid; P + 

From WC1*; m.p. 110°; 
o-b; i/ ra „ 21,300 cm-'; 
isostructural with the Mo 
complex 

M.p. 32°; b.p. ~80°/10-* 
mm Hg; y; P + 

M.p. 47-49°; 1 
M.p. -5°; b.p. 22 o /10-< 
mmHgjy 

M.p. 30°; b.p. 94°/10-' mm 
Hg; o; P + 

'H NMR shows asym. Fe 
complex; PPh 2 Et and 
PPh 2 Me complexes also 
mentioned (199) 

M.p. 98°-100°; y; P + 

From dicarbonyl + Ph 3 P; 
m.p. 124°-125°; o; 'H 
NMR shows asym. Fe 
complex 


145 


145 


189a, 239 


144, 189a, 


239 


73a, 76, 78 
144. 189a 


73a, 75, 76, 
78 

74, 76, 78 
238, 239 

74, 164 

164, 198, 
199 


98 

98 
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TABLE VII —continued 


Method of 
preparation 0 

Compounds (Yield, %) Comments' 1 References 


[(Me 3 SiCH 2 ) 2 1 (70) 

Co(bipy) 2 ] + C10 4 - 

Me 3 SiCH 2 Ni(PPh 3 )Cp 1 (69) 

«r-(Me 3 SiCH 2 ) 2 Pd 1 (64) 

(PEt 3 ) 2 

cir-(Me 3 SiCH 2 ) 2 1 (75) 

Pt(PMePh 2 ) 2 

ci’j-(Me 3 SiCH 2 ) 2 Pt 1 (79) 

(PMe 2 Ph) 2 

cw-(Me 3 SiCH 2 ) 2 Pt 1 (77) 

(PPh 3 ) 2 

fi*-(Me 3 SiCH 2 ) 2 1 (87) 

Pt(PEt 3 ) 2 

cw-(Me 3 SiCH 2 ) 2 Pt 1 (67) 

(AsMePh 2 ) 2 

cw-(Me 3 SiCH 2 ) 2 Pt(dipy) 1 (64) 

ci»-(Me 3 SiCH 2 ) 2 Pt 1 (56) 

(cyclo-octadiene) 

(Me 3 SiCH 2 ) 6 Pt 3 (SMe 2 ) 3 1 (55) 


CM-Me 3 SiCH 2 PtCl 3 (97) 

(PPhMe 2 ) 3 

tra«r-Me 3 SiCH 2 PtCl 4 (42) 

(PPhMe 2 ) 2 

cij-Me 3 SiCH 2 Pt 3 (100) 

Cl(PEt 3 ) 2 

cij-Me 3 SiCH 2 PtCl 3 (100) 

(PPh 2 Me) 2 

cw-Me 3 SiCH 2 PtCl 3 (28) 

(PPh 3 ) 2 

cjj-Me 3 SiCH 2 PtCl 3 (100) 

(AsPh 2 Me) 3 

cw-Me 3 SiCH 2 Pt 5 (50) 

(N0 3 )(PPhMe 2 ) 2 

o'j-Me 3 SiCH 2 Pt(N 3 ) 5 (32) 

(PPhMe 2 ) 2 


M.p. 155°-156° (decomp.); 

238 

r; vCoC, 550 cm’ 1 

M.p. 121°; g 

76, 78, 231 

M.p. 60°-62°; p-y 

238 

M.p. 50°-51°; w; kPiC, 

76, 231, 238 

522 cm-';P* 

M.p. 157°; w;J r ( 31 P- 1,5 Pt) 

74, 76, 78, 

shows trans influence of 

231 

Me 3 SiCH 2 similar to 

Me 

M.p. 148°-149°;w 

76, 231, 238 

M.p. 88°; w 

76, 78, 231 

M.p. 135°; w 

78, 231 

M.p. 162°-164°; w; vPtC, 

238 

552 cm -1 

M.p. 58°-60°; w 

238 

M.p. 130°-135° (decomp.); 

238 

vPtC, 542 cm -1 ; from 
o'j-(Me 2 S) 2 PtCl 2 and 

Me 3 SiCH 2 Li 

M.p. 103°; w 

76, 78, 231 

M.p. 118°; y; X-ray (Fig. 

74, 76, 78, 

11) and IR shows trans- 

231 

influence of Me 3 SiCH 2 
similar to Me 

M.p. 45°; w 

76, 78, 231 

M.p. 172°; w 

76, 78, 231 

M.p. 195°; w 

76, 78, 231 

M.p. 117°; w 

78, 231 

M.p. 80°; w 

76, 78, 231 

M.p. 99°; w 

78, 231 
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TABLE VII 


Compounds 

Method of 
preparation* 1 
(Yield, %) 

Comments 11 

References 

c»j-Me 3 SiCH 3 PtBr 

5(92) 

M.p. 113°; w; P + 

76, 78, 231 

(PPhMe 3 ) 3 

trani-MejSiCHjPt 

4(59) 

M.p. 131°—133°; y 

76, 78, 231 

Br(PPhMe 3 ) 3 

cii-MejSiCHjPt 

5(87) 

M.p. 59°; w 

76, 78, 231 

Br(PEt 3 ) 3 

cir-Me 3 SiCH a PtBr 

5(94) 

M.p. 141° 

76, 78, 231 

(PPh 3 Me) 3 

cij-Me 3 SiCH 3 Pt 

5(56) 

M.p. 225°; w 

76, 78, 231 

Br(PPh 3 ) 3 

cir-MejSiCHjPtl 

5(74) 

M.p. 104°; w 

78, 231 

(PPhMe 3 ) 3 

cij-Me 3 SiCH a PtI 

5(73) 

M.p. 66°-68°; w; P + 

76, 78, 231 

(PEt 3 ), 

ctj-Me 3 SiCH 3 PtI 

(PPh 3 ) 3 

5 (100) 
6(25) 

M.p. 217°; w 

76, 78, 231 

Me 3 SiCHPhPtI(PPh 3 ) 3 

6(27) 

M.p. 293°; y 

76, 78, 231 

Me 3 SiCH 3 AuPPh 3 

1(75) 

M.p. 11T-113° 

221, 238 

MejSiCHjCu 

1(70) 

M.p. 78°-79° (decomp.); 
w; tetrameric in CjHis 
hexameric in cyclohexane; 
(Me 3 SiCH 2 Cu) 4 + in 

176a 


‘ Numbers refer to the following methods: 1, transition metal chloride + Me 3 SiCH a Li, 
MejSiCHjMgX, or (Me 3 SiCH a ) a Mg, or related silylmethyl derivative; 2, sodium salt of 
transition metallate + Me 3 SiCH 3 X (X usually = I) or related silylmethyl halide; 3, from 
appropriate (Me 3 SiCH 3 ) 3 PtL 3 complex by treatment with HC1 in Et a O; 4, by isomerization 
of cis complex; 5, from chloro complex by displacement of Cl' on transition metal with 
LiBr or NaX in acetone or other solvent; 6, from a Pt° complex and oxidative addition of 
Me 3 SiCH 3 I or Me 3 SiCHPhI. 

* P + = parent ion detected in mass spectrum. Color of complex: p-y, pale yellow; 
o, orange; o-b, orange-brown; c, colorless; w, white; d-g, deep-green; b-g, blue-green; 
r-b, red-brown; d-p, dark-purple; 1, lemon; r. red; g, green. 'H NMR data are available 
on all the compounds and 31 P NMR on all the Pt-phosphine complexes (231). 

The isoleptic compounds are perhaps of the greatest interest. Thus the 
complexes (Me 3 SiCH 2 ) 4 M [M = Ti, Zr (77), and the paramagnetic V (189a) 
and Cr (189a, 239)] are moderately stable at ambient temperature, as are the 
interesting compounds (Me 3 SiCH 2 ) 6 M 2 (M = Mo or W) (144, 189a) and 
(Me 3 SiCH 2 ) 4 (Me 3 SiC) 2 Nb 2 (145). By contrast, Me 4 Ti, a rare simple 
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isoleptic compound, decomposes significantly at —78° C. Likewise, in the 
series R 2 TiCp 2 , thermal stability decreases in the sequence R = C 6 F 5 > 
Me 3 SiCH 2 > Ph > Me > Et (73a, 77); the ethyl and phenyl derivatives 
decompose via a /3-H-elimination pathway, whereas the others probably 
reductively eliminate (e.g., R = Me gives C 2 H 6 ). When first prepared, the 
gold compound Me 3 SiCH 2 AuPPh 3 was considered to be less stable than 
MeAuPPh 3 (221), but upon reexamination this proved to be erroneous (238). 
However, it is not necessarily the case that yS-Si increases overall thermal 
stability. Thus, attempts to make Me 3 SiCH 2 Rh(PPh 3 ) 3 from (Ph 3 P) 3 RhCl 
and Me 3 SiCH 2 MgX at low temperature failed [Eq. (124)] (90); the alkane 
elimination pathway is clearly more accessible for the trimethylsilylmethyl 
rather than the methyl derivative, and this may be due to steric acceleration 
and/or the greater solubility of the former compound. Kinetic stabilization 


(PPh 3 ) 3 RhCl RMgX l> (PPh 3 ) 3 Rha t ~-» 



+ RH 


(124) 


• R = Me; X = Br; 0°-10 o C. R = Me 3 SiCH 2 ; X - Cl, I; 0°C 
f Isolated only for R = Me (158a), not for R = Me 3 SiCHj( 90) 


has been stressed also by drawing an analogy between the isoelectronic 
[(Me 3 Si) 2 N]„M and [(Me 3 Si) 2 CH]„M (78); the amides are frequently 
interesting monomers (e.g., n = 3 and M = Fe), whereas the corresponding 
dimethylamides are polymers [e.g., {(Me 2 N) 3 Fe}J. A wider range of 
unusual oxidation'states and geometries for alkyls may therefore emerge as 
di- and trisilyl complexes are made, n = 2 or 3 in [(Me 3 Si) n CH 3 _ B ] x M. 

Trimethylsilylmethyl and related complexes LM[CY m (M'R 1 R 2 R 3 ) 3 _ m ] P 
have been prepared, where M is a transition metal; M' is C, Si, or a Group 
IVB element; R 1 , R 2 , and R 3 are alkyl or aryl groups; Y is H or an aryl group, 
and L is the sum of other ligands (if any) attached to the transition metal(76). 
Fully characterized silicon-containing (M' = Si) complexes are listed in 
Table VII. Other compounds have been mentioned, but were not obtained 
in a pure state: these include (Me 3 SiCH 2 ) 2 NbCp 2 and (Me 3 SiCPh 2 ) 2 Ni 
(78, 231), Me 2 PhSiCH 2 TiCl 3 (176a), (CH 2 :CHCH 2 Me 2 SiCH 2 )„Ti (n = 
3 or 4) (145a), [(Me 3 Si) 2 CH] 3 Fe (98), (Me 3 SiCH 2 ) 3 Y.2THF (176a), 
fra«i-Me 3 SiCH 2 PtH(PEt 3 ) 2 (238), and (Me 3 SiCH 2 ) 4 Cr~ (189a). 
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Other features of trimethylsilylmethyl-transition metal chemistry which 
are noteworthy are (1) the conferment of solubility of metal complexes in 
nonpolar solvents by ligands such as Me 3 SiCH 2 _ (239), (2) the lability of the 
Si—C bond in Me 3 SiCH 2 M(CO) 3 Cp (M = Mo or W) to nucleophilic 
attack (75), (3) the similarity in electronic effect of Me 3 SiCH 2 and Me 
groups, as judged by trans influence studies on Me 3 SiCH 2 —Pt(II) and 
Me—Pt(II) compounds (74, 231), and (4) the high catalytic activity of 



Fig. 9. The molecular structure of Nbj(CSiMe 3 )j(CHjSiMe 3 )«. Primed atoms are 
related to unprimed atoms by a center of symmetry inside the ring. Interatomic distances 
(A) and angles (degrees), as follows, are the average of two independent values unless 
otherwise stated: 


Nb—C 

1.995(9) 

Nb-—Nb' 

2.897(2) 

Nb'—C 

1.954(9) 

C •C' 

2.684(13) 

Nb—CH 3 

2.160(9) 

Si—c 

1.860(13) 

(mean of 4) 


(mean of 24) 


C—Nb—C' 

85.6(4) 

Nb—C—Si 

119.8(6) 

Nb—C—Nb' 

94.4(4) 

Nb'—C—Si 

142.4(5) 


(Me 3 SiCH 2 ) 4 Ti and related Ti and Zr compounds for a-olefin polymeri¬ 
zation (19, 73a). Attention has been drawn to the analogy between Me 3 - 
SiCH 2 —M and PhCH 2 —M chemistry (78): the trimethylsilylmethyl and 
benzyl ligands share the absence of jS-H, and the stabilization of reactive 
intermediates XCH 2 • or XCH 2 - (X = Me 3 Si or Ph). 

X-Ray crystallographic data are available for (Me 3 SiCH 2 ) 4 (Me 3 SiC) 2 Nb 2 
(145), (Me 3 SiCH 2 ) 6 Mo 2 (144), and franr-Me 3 SiCH 2 PtCl(PPhMe 2 ) 2 (74), 
as illustrated in Figs. 9-11, respectively. The niobium compound is 
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particularly unusual in having Me 3 SiC bridging groups which form part of a 
l-1 

four-membered quasi-aromatic M—C—M—C ring, and each Nb has 
distorted tetrahedral coordination; Nb—CH 2 is 2.160 A. The molybdenum 
compound has a very short Mo—Mo distance (2.167 A), considered as a 
triple bond. Each Mo is in a distorted tetrahedral environment with the 
alkyl groups in a staggered conformation and Mo—CH 2 = 2.131 A. The 



Fig. 10. The molecular structure of Moj(CH 2 SiMe 3 )«. 



No. of independent 

Average 
bond lengths 
and bond angles 

Mo—Mo 

4 

2.167 A 

Mo—CH 2 

24 

2.131 A 

Mo—Mo—CHj 

24 

100.6° 

Mo—CHj—Si 

24 

121.1° 


large SiCH 2 Mo angle of 121.1° is probably due to steric repulsion rather 
than an electronic effect. The Pt—CH 2 distance is 2.079 A. The Pt—Cl 
bond length of 2.415 A suggests that the trans influence of Me 3 SiCH 2 - is 
large compared with Cl - but significantly smaller than that of Ph 2 MeSi~, 
which has a trans- Pt—Cl of 2.45 A (see Section II,D,1). 

Trans influence arguments are also based on measurements of J( l95 Pt— 
31 P) for cir-(Me 3 SiCH 2 ) 2 Pt(PPhMe 2 ) 2 and v(PtCl) for /ranr-Me 3 SiCH 2 - 
PtCl(PPhMe 2 ) 2 (74), as well as J( 195 Pt—H) and v(PtH) on an uncharac¬ 
terized specimen of Me 3 SiCH 2 PtH(PEt 3 ) 2 (238). These confirm that 
Me 3 SiCH 2 - has a high trans influence, comparable with that of Me - . 
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Spectroscopic studies (IR, Raman, electronic, ESR, and 'H NMR), as 
well as bulk magnetic susceptibility measurements [(Me 3 SiCH 2 ) 4 M 
(M = V or Cr), (Me 3 SiCH 2 ) 3 VO, (Me 3 SiCH 2 ) 4 Cr-, and (Me 3 SiCH 2 ) 6 M 2 
(M = Mo or W)], where appropriate, have been carried out (189a). Factors 
influencing the stability of transition metal alkyls have also been discussed 
elsewhere (35a, 188a, 244, 248). 


B. The Synthesis of Compounds with Silicon-Carbon-Transition 
Metal (RR'MeSi—C—M) Bonds 

Six methods have been used for the synthesis of Me 3 SiCH 2 M and 
related complexes (see Table VII). These all have counterparts in Me—M 
and related chemistry (73). The most widely applicable [e.g., Eq. (125)] is 
based on a Hal/R exchange using a metal alkyl, e.g., Me 3 SiCH 2 Li, 
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Me 3 SiCH 2 MgCl, and (Me 3 SiCH 2 ) 2 Mg {73a, 77, 78, 231, 238). The most 
generally recommended reagent is the lithium alkyl; however, it is the 
strongest reducing agent of the three, which can cause complications, 
especially for Ti(IV) {73a, 77). The Group IVA complexes readily redistri¬ 
bute R/Hal groups. Diethyl ether is the preferred solvent for the Grignard 
and RLi reactions, and hexane for the R 2 Mg series (77). Reactions are 
normally carried out at —30° C to +20° C, depending on the thermal 
stability of the product. The reactions are usually simple metathetical ex¬ 
changes. Exceptions are the preparations of (Me 3 SiCH 2 ) 4 Cr from a THF 
solution of CrCl 3 {189a, 239), (Me 3 SiCH 2 ) 4 (Me 3 SiC) 2 Nb 2 from NbCl s 
{144), (Me 3 SiCH 2 ) 6 Mo 2 from MoCl s {189a), and (Me 3 SiCH 2 ) 6 W 2 from 
WC1 6 {145, 189a). This synthesis was not effective for CpM(CO) n I/Me 3 - 
SiCH 2 Li (M = Mo, n = 3; and M = Fe, n — 2) {73a). Metallation of the 
cyclopentadienyl ligand occurred; in the Fe experiment, ferrocene was a 
product. For the dichloro-Pt(II) complexes [e.g., (PPh 3 ) 2 PtCl 2 ], it proved 
impossible to isolate a monosubstitution product RPtCl {78,231) ; the lower 
alkylation selectivity with Me 3 SiCH 2 than Me is probably due to the high 
solubility of the silylmethyl monosubstitution products which therefore are 
alkylated in preference to the sparingly soluble dichloride. The Me 3 SiCH 2 
and Me groups, of course, have a higher trans effect than Cl. 

Similarly for the synthesis of monoalkyls of Pt(II) from dialkyls by HC1 
cleavage of only one Pt—C bond; selectivity for Me 3 SiCH 2 is much poorer 
than for Me derivatives {78, 231), probably for the same reason. The 
problem was solved by use of a deficiency of HC1 in ethereal solution at 
—78° C [e.g., Eq. (126)], or 1 equivalent of HN0 3 for the nitrate. Selective 
cleavage of one Me 3 SiCH 2 —M bond in the Group IVA metallocene 
dialkyls was not achieved, but a monoalkyl of Zr, [Me 3 SiCH 2 Zr(Cl)Cp 2 ], 
was obtained as pale yellow crystals by reaction of Cp 2 ZrCl 2 with 
Me 3 SiCH 2 MgCl in CH 2 C1 2 . 

The compound Me 3 SiCH 2 Fe(CO) 2 Cp, the first trimethylsilylmethyl- 
transition metal complex to be described in the literature {164), was 
obtained according to Eq. (127) (M = Fe and n = 2), using tetrahydrofuran 
as solvent. The method has also been successfully used for Mo and W 
compounds (M = Mo or W, and n — 3) {73a, 75). However, a competing 
reaction, particularly severe for the Mo complex, was the isolation of 
CpM(CO) 3 Me as a major product (75). Using Me 3 SiCHDI, it was estab¬ 
lished that the origin of the methyl group on the Mo was the CHDI group 
and not a Me group on Si. A reaction sequence consistent with the evidence 
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(see also Section IV,C) is shown in Eq. (128). In an attempted preparation 
of the bis- and tris(trimethylsilyl)methyl Fe complexes, Na/I, or Na/X 
(X = Br, Cl), exchange was observed, respectively (98). For the former 
compound, this obstacle was overcome by use of the chloride [Eq. (129)]. 

ZrCl 4 + 4 Me 3 SiCH 2 Li-—-► (Me 3 SiCH 2 ) 4 Zr + 4 LiCl (12S) 

cii-(Me 3 SiCH 2 ) 2 Pt(PPhMe 2 ) 2 HCI ' Et »°- ~™° c > 

(74, 76, 231) 

cii-Me 3 SiCH 2 PtCl(PPhMe 2 ) 2 + Me 4 Si (126) 


[CpM(CO)„]-Na + + Me 3 SiCH 2 I -—-► Me 3 SiCH 2 M(CO),Cp (127) 


[CpMo(CO) 3 ]-Na+ + Me 3 SiCH 2 I 


Me 3 SiCH 2 Mo(CO) 3 Cp + Nal 
^/[CpMoCCOJjJ-Nt* 

Me 3 SiMo(CO) 3 Cp + Na + [CH 2 Mo(CO) 3 Cp]" 


[CpMo(CO) J-Na+ + Me 3 SiI 


[CpFe(CO) 2 ]-Na++ (Me 3 Si) 2 CHCl (Me 3 Si) 2 CHFe(CO) 2 Cp + NaCl (129) 

tra«i-Me 3 SiCH 2 Pt(X)(PRj) 2 and related complexes were obtained from 
cis isomers (78, 231), often by addition of phosphine. Various methods of 
isomerization are known in Pt(II) chemistry. The unusual feature for 
Me 3 SiCH 2 and similar ligands is the formation of an equilibrium mixture: 
for example, addition of a trace of phosphine to a benzene solution of either 
cis- or rra«i-Me 3 SiCH 2 PtCl(PPhMe 2 ) 2 rapidly affords an approximately 1:1 
mixture of cis and trans isomers. By contrast, under similar conditions for 
MePt(Cl)(PPhMe 2 ) 2 , the trans complex prevails. The difference between 
the two systems is likely to be steric in origin: for the methyl complex, there 
is a clear steric preference for the trans isomer. 

A number of trimethylsilylmethyl and related complexes have been 
converted into others by standard ligand displacement procedures: from 
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chloroplatinum(II)-CH 2 SiMe 3 complexes, replacing Cl" by other anionic 
ligands (Br~, I - , N0 3 ~, or N 3 ~), using the appropriate sodium salt (or LiBr) 
in acetone. The displacement of CO ligand in Me 3 SiCH 2 Fe(CO) 2 Cp by 
addition of a phosphine is more complicated [Eq. (130)]. Heating under 
reflux in THF afforded the insertion product (164). However, when the 


Me 3 SiCH 2 Fe(CO) 2 Cp + PPh a 


Me 3 SiCH 2 Fe(CO)(PPh 3 )Cp 

O (130) 

Me 3 SiCH 2 CFe(CO)(PPh 3 )Cp 


reaction was carried out under UV irradiation in hexane, the substitution 
product was formed (199). A further variation was noted in the system 
according to Eq. (131). 

[CpFe(CO) 2 ]~Na + + Me 2 HSiCH 2 Cl - - h . 3, UV ' hCTane , Me 3 SiFe(CO)(PPh 3 )Cp 
— CO (199) 

(131) 

(Me 3 SiCH 2 ) 3 VO was obtained not only from VOCl 3 but also by aerial 
oxidation of (Me 3 SiCH 2 ) 4 V on a cellulose column (189a). 

Oxidative addition of methyl iodide to coordinatively unsaturated, 
low-oxidation state d * and d 10 complexes is an established method for 
making d 6 and d* methylmetal iodides. Me 3 SiCH 2 I does not react as 
readily as Mel with (PPh 3 ) 4 Pt (7«S, 231). (PPh 3 ) 2 Pt(PhCH=CHPh) is more 
reactive: e.g., m-Me 3 SiCH 2 PtI(PPh 3 ) 2 was obtained after 20 hours in 
C 6 H 6 at room temperature. 


C. The Reactions of Compounds with Silicon-Carbon-Transition 
Metal (RR’MeSi—C—M) Bonds 

The compounds broadly have the same range of chemistry as the alkyls. 
The Group IVA (77), VIA (189a), and vanadium (Section IV,B) isoleptic 
compounds are readily oxidized, but the Cr compound is relatively stable 
(189a): e.g., (Me 3 SiCH 2 ) 4 Zr is pyrophoric (77) as is the V analog (189a); 
oxidative stability decreases in the series Ti > Zr ~ V and Ph 2 MeSiCH 2 > 
PhMe 2 SiCH 2 > Me 3 SiCH 2 (77). They also hydrolyze readily, e.g., to give 
Me 4 Si, and this may be used as a method of analysis (77); however, 
(Me 3 SiCH 2 ) 4 Cr and (Me 3 SiCH 2 ) 6 Mo 2 are relatively stable, also with 
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respect to many other reagents (189a). Iodine readily cleaves the M—C 
bonds quantitatively, and this also has analytical use (77). A complication 
arises for compounds having aryl—Si—C—M bonds, when the aryl-Si 
bond is also broken. Silver nitrate in ethanol converts m-Me 3 SiCH 2 Pt(Cl)- 
(PPhMe 2 ) 2 to m-(Me 2 PhP) 2 Pt(N0 3 ) 2 (78, 231): preferential C1~/N0 3 - 
exchange might have been expected. Chlorinated alkane solvents also 
slowly cause C—M cleavage. (Me 3 SiCH 2 ) 4 Cr is decomposed by HC1 in 
nonaqueous medium and unstable CrCl 4 is a possible product (189a); 
(Me 3 SiCH 2 ) 6 Mo 2 affords Rb 3 Mo 2 Cl, and Mo(OAc) 2 with 12 M HCl/Rb + 
and glacial HOAc, respectively. Various other reactions have already been 
discussed in Sections IV,A and IV,B. 

The C—M cleavage reaction of Eq. (128) merits further comment. The 
C—Si bond is normally resistant to nucleophilic cleavage. That it was 
broken by treating Me 3 SiCH 2 Mo(CO) 3 Cp with [CpMo(CO) 3 ] _ Na + at 
room temperature in THF is therefore surprising (73a, 75). An explanation 
is that one of the initial products Na + [CH 2 Mo(CO) 3 Cp]“ has unexpected 
stability, as would be the case if the negative charge is delocalized and the 
complex thus has more the character of an anionic carbene complex than a 


TABLE VIII 

Polymerization of «-Olefins by Group IVA 
Alkyls'-* 


Catalyst 

Olefin 

Activity 

(g/mM/atm/hr) 

(Me 3 SiCHj),TiCpj 

c 2 h 4 

0 

(Me 3 SiCHj ) 2 ZrC P j 

c,h 4 

0 

(Me 3 SiCH 3 ) 4 Ti 

CjH 4 

1.0 

(Me 3 SiCH 3 ) 4 Zr 

c,h 4 

1.0 

(Me 3 SiCHPh) 4 Zr 

c,h 4 

0.1 

(Me 3 SiCH 3 ) 4 Zr/Al 3 0 3 

c,h 4 

142 

a-TiCl 3 /AlEt 3 Cl 

CjH 4 

20 

(Me 3 SiCH 3 ) 4 Zr/Al 3 0 3 

c 3 h„‘ 

6.0 

a-TiCl 3 /AlEt 3 Cl 

c 3 h 6 

4.0 


“ From ref. (19). 

* Reaction conditions: PhMe at 80°C; partial pressure of 
CjH 4 at 10 atm; [catalyst] = 0.003. 

c Temperature, 65° C; other conditions as in Footnote b. 
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carbanion. Consistent with this view arylmethylsilanes also have C—Si 
bonds susceptible to nucleophilic cleavage. 

Perhaps the most important chemical property of these complexes is their 
potential as catalysts, particularly of the early transition metal isoleptic 
compounds for a-olefin polymerization. This arises because unlike the 
methyls, they are sufficiently stable to be used at temperatures where 
polymerization rates are adequate. Some data are summarized in Table VIII 
(19 ); 7r-acceptor ligands are clearly disadvantageous. It will be seen that 
some of the systems are more active than Ziegler types, although stereo¬ 
selectivity is poorer. 
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INTRODUCTION 


A. Aims of the Review 

The last decade or so has seen the birth and rapid development of the 
field of organocobalt(III) complexes, which has come to occupy an unusual 
position, linking together organometallic chemistry, coordination chemistry, 
and even biochemistry. The great interest in vitamin B 12 has perhaps 
tended to overemphasize the biochemical relevance of these complexes 
and to obscure their importance to the development of organometallic 
chemistry. The present interest in organo-transition metal chemistry, 
which can be dated back to the discovery of ferrocene in 1951, has centered 
mainly on compounds or complexes which contain 7r-bonding olefins, 
acetylenes, and cyclopentadienyls, and in which the other ligands usually 
include CO or phosphines and the metal has a relatively low valency and 
often an unusual configuration. By contrast, the organocobalt(III) complexes 
contain <r-bonded carbanions, the other ligands are usually coordinated 
through nitrogen, the metal has a relatively high valency, and the complex 
a fairly regular stereochemistry (octahedral or square pyramidal). These 
are, of course, the properties which enable them to be treated as coordination 
complexes. The development of organocobalt(III) chemistry has therefore 
extended our knowledge of organometallic compounds containing cr-bonded 
organic groups and is complementary to the more traditional work on 
7r-bonded ligands. The fusion of these two approaches and their application 
to other transition metals should lead to extensive new areas of organo¬ 
metallic chemistry. 

There have, in fact, been two rather separate strands in the development 
of organocobalt(III) chemistry. One dates from 1961, when Lenhert and 
Hodgkin (115, 114) reported the results of their X-ray analysis of the so- 
called coenzyme form of vitamin B )2 , in which they showed that one of the 
axial ligands was a substituted alkyl group [see Structure (II)]. It was soon 
shown that the compound was diamagnetic and could be regarded as a 
cobalt(III) complex with a coordinated carbanion (85, 86). This discovery 
stimulated interest in the preparation and study both of other organocobalt 
corrinoids (derivatives of vitamin B, 2 ) and of a much wider range of organo- 
cobalt(III) complexes in which the equatorial coordination positions are 
occupied by chelating ligands such as porphyrin, salen, and bis-DMG 
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(for nomenclature and structures, see Section I,B). The driving force 
behind this work has been the attempt to elucidate the mechanism of the 
enzymatic reactions by studying the reactions of “model” compounds. 
The second strand has a longer history. In 1942 Iguchi discovered that 
aqueous solutions of cobalt(II) salts in excess cyanide will absorb hydrogen 
and will catalyze the homogeneous hydrogenation of organic compounds 
such as isatin and cinnamic acid, but no solid complexes were isolated (92, 
93). In 1959 Griffith and Wilkinson isolated the binuclear complex 
[(NC) 5 CoCH=CHCo(CN) 5 ] 6_ from the reaction of acetylene with the 
pentacyanocobalt(II) ion (70), while Halpern and Maher in 1964 (74) and 
Kwiatek and Seyler in 1965 (109, 110) prepared and isolated mononuclear 
complexes of the type [Co(CN) 3 R] 3_ , where R is an alkyl or aryl group. 
Since then many other such organopentacyanocobalt complexes have been 
prepared, usually only in solution [see the review by Kwiatek (105)]. The 
interest in these cyanide complexes has centered on the mechanism of the 
catalyzed homogeneous hydrogenation reactions. The organopentacyanides 
do, however, show many similarities to the other groups of complexes in 
their chemical reactions, and a comparison of all these complexes helps to 
build up a more complete picture of the chemical and physical properties of 
organocobalt(III) complexes as a whole. 

Organocobalt(III) complexes have now been prepared with a very wide 
range of unidentate organo-ligands and quite a variety of other equatorial 
and axial ligands; for examples of these ligands see Section I,B. The organo- 
corrinoids alone probably include a greater variety of cr-bonded carbanions 
than any other comparable group of organometallic complexes, together 
with the first known naturally occurring organometallic complexes. The 
preparative methods (see Sections III and IV) include a greater choice 
than is usual in organometallic chemistry, the reactions are often simpler 
and the yields higher, and the reactions can in many cases be carried out 
in aqueous solution. These complexes offer interesting possibilities for the 
preparative organometallic chemist to apply new reagents and reactions, 
and to study compounds which are generally stable to both air and moisture 
and often soluble in water. They show reactions involving radical, carbonium 
ion and carbanion intermediates and, except in the case of the pentacyanides, 
these reactions are not complicated by reactions between the organo-ligand 
and ligands in the cis position [contrast the insertion reactions of RCo(CO) 4 ]. 
Most or all organocobalt(III) complexes undergo photochemical reactions, 
and some are involved as intermediates in catalytic reactions, e.g., the 
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corrinoids in enzymatic reactions and the pentacyanides in homogeneous 
hydrogenation. These cobalt(III) complexes, in particular the corrinoids, 
have also provided an excellent opportunity for comparing the effects of 
the organo-ligands on the properties of other ligands in the complex (i.e., 
their cis and trans effects) with those of ligands such as H 2 0, NH 3 , Cl - , 
and CN - , which are more commonly studied by coordination chemists. 
The effects of organo-ligands on the d-d spectra can best be studied in the 
pentacyanide complexes, but relatively little work has yet been reported. 
The development of the chemistry of organocobalt(III) complexes over the 
last decade is, therefore, of interest to organometallic chemists, coordination 
chemists and photochemists, and to biochemists and industrial chemists. 

This review is concerned exclusively with complexes which can formally 
be regarded as cobalt(III) compounds containing a single (or very occasion¬ 
ally two) (j-bonded organo ligands (i.e., carbanions, whether alkyl, aryl, 
acyl, alkenyl, alkinyl, etc.) occupying a single coordination position. We, 
therefore, exclude organocobalt(III) complexes with the following types 
of ligands: (1) Neutral 7r-bonding ligands such as CO and RNC. (2) 77- 
bonding carbanions occupying more than one coordination position, such as 
77-cyclopentadienyl and 7r-allyl, e.g. [Co(bipy)(7r-2-butenyl) 2 ] + (123) and 
[Co(77-allyl) 2 Cl] (178); however, we include the 7r-allyltetracyanide com¬ 
plexes because they are formed reversibly from the <7-alkenylpentacyanide 
complexes (see Section V,C). (3) Chelating carbanions as in the complexes 
of structure (I) (36); but we include bridging bidentate carbanions as in 
[(NC)jCo—CH=CH—Co(CN) s ] 6- . (4) We have excluded the hexa- 
acetylides [Co(C=CR) 6 ] 3- , which are best considered as analogs of the 
hexacyanides [Co(CN) 6 ] 3 “, but include those complexes which contain only 
one acetylide per cobalt. (5) Complexes such as [(77-C 5 H 3 )Co(CH 3 ) 2 (PPh 3 )] 
(182) and m-[Co(bipy) 2 (CH 3 ) 2 ] (123) are borderline cases; they have, 
perhaps rather arbitrarily, been excluded from the text of the review and 


R 
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are mentioned here only for the sake of completeness. The remaining types 
of organocobalt(III) complexes form a reasonably homogeneous group with 
a number of features in common. 

These complexes may be either six-coordinate with an octahedral con¬ 
figuration or five-coordinate with a square-pyramidal configuration, in 
which the organo ligand occupies the apical position; a few form dimers 
through the interaction of each cobalt with a coordinated atom of the equa¬ 
torial ligand of the other half (see Section II,B,1). In virtually all groups 
of complexes four “equatorial” coordination positions are occupied by a 
tetradentate ligand (e.g., corrin, salen) or equivalent ligand (e.g., bis-DMG, 
in which two bidentate DMG ligands are joined by hydrogen bonds into 
a planar tetradentate ligand); the only exceptions are the organopenta- 
cyanides. The donor atoms of these tetradentate ligands are N 4 or N 2 0 2 
and, except in the case of CR where one nitrogen atom is tetrahedral, all 
form part of a conjugated system; the structures of these ligands are shown 
in Section I,B. One hopes and expects that the range of equatorial ligands 
may be extended in the future (e.g., to include S and P as donor atoms). 

The main aim of this review is to survey the reactions by which the 
Co—C bond is made, broken, or modified,.and which may be used for 
preparative purposes or be involved in catalytic reactions. Sufficient 
evidence is now available to show that there exists a general pattern of 
reactions by which the Co—C bond can be made or broken and in which the 
transition state may correspond to Co(III) and a carbanion (R“), Co(II) 
and a radical (R-), Co(I) and a carbonium ion (R + ), or a cobalt hydride 
(Co—H) and an olefin. Reactions are also known in which the organo 
ligand (R) may be reversibly or irreversibly modified (to R') without cleavage 
of the Co—C bond, or in which insertion occurs into the Co—C bond 
(to give Co—X—R). These reactions can be shown schematically as 
follows: 


Co—R' Co—X—R 

\ / 

l + ^ Co—R v Co 11 * + R 

/ \ 

Co" + R- Co—H + olefin 



336 


J. M. PRATT and P. J. CRAIG 


Certain groups of organocobalt(III) complexes have been dealt with in 
previous reviews. The organo-corrinoids have been mentioned in all 
reviews on vitamin B, 2 since 1961, when the coenzyme form was identified 
as an organometallic compound [see, for example, (79, 178) and references 
therein]. The literature on the corrinoids is too extensive to be treated 
comprehensively here and for details and references readers are referred 
to the book on The Inorganic Chemistry of Vitamin B l 2 (136 ); certain other 
aspects of the organometallic chemistry of cobalt corrinoids are treated 
elsewhere (137). The pentacyanides were reviewed in 1967 (105), the 
DMG complexes (cobaloximes) in 1968 (145), and some aspects of salen, 
BAE, and related complexes in 1970 (17). 

B. Nomenclature and Structure of the Ligands 

The term “organo-ligand” is used here to designate all ligands which are 
coordinated to the cobalt through a formally negatively charged carbon atom, 
except cyanide. For the purposes of distributing the charge, the cobalt ion 
is considered to be trivalent, i.e., the doubly charged [CoCH 3 ] 2+ unit is 
treated as a complex of the cobalt(III) ion with the organo-ligand CH 3 “. 
This term does not include neutral ligands such as CO or RNC. 

The following letters are used in formulas and equations to denote 
different types of ligands: 

R An organo-ligand 

L 4 The equatorial ligand(s) 

X, Y Other axial ligands, neutral or anionic. 

B Neutral base or axial ligand, used where it is necessary to 

distinguish a neutral (B) from an anionic ligand or a halide 
(both X). 

Common abbreviations used here include: py (pyridine), pip (piperidine), 
THF (tetrahydrofuran), DMF (dimethylformamide), etc. Some others are 
given in Table III. 

The formulas and names of these organocobalt complexes are usually 
given in the form [RCo(L 4 )X], e.g., [vinyl-Co(salen)py]. 

Some surprisingly large and unwieldy organo ligands have been used in 
the corrinoids [for examples and references see (136)]. Of particular interest 
is the 5-deoxyadenosyl ligand (II) present in some of the naturally occurring 
forms. 

Most of the tetradentate equatorial ligands have a complex structure and, 
since their systematic names are often cumbersome, abbreviations and 
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HC^-CHOH 
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hc-choh 
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trivial names are commonly used. In two cases the cobalt complexes them¬ 
selves may have an additional trivial name (e.g., salcomine, cobaloxime) 
which is different from the abbreviation for the ligand alone [salen, (DMG) 2 ]. 
Different abbreviations for the same ligand are often used by different 
authors, and occasionally even by the same authors. In addition, certain 
of the abbreviations may show no obvious connection with the systematic 
name of the ligand. It is to be hoped that these abbreviations may be given 
a more logical basis some time in the future. In the list below we give the 
ligands with the structure and charge which they possess when co-ordinated 



(Ilia) 
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to the cobalt ion, together with the abbreviation adopted here (in italics) 
and any other abbreviations which may be met in papers quoted in this 
review. 

The cobalt corrinoids are derivatives of vitamin B 12 . A wide variation is 
observed in the nature of the side chains in the naturally occurring and, of 
course, in the synthetically modified derivatives. But here we need be con¬ 
cerned only with the two groups of cobalt corrinoids, which have structure 
(Ilia) where R = OH (called “cobinamides”) and R is the nucleotide (I lib) 
linked via the phosphate (“cobalamins”). In the cobalamins the free nitrogen 
of the heterocyclic base (4,6-dimethylbenziminazole) in the nucleotide is 
usually coordinated to the cobalt in position Y. The other axial ligands may 
be H 2 0, CN - , CHj - , etc., and are named first, e.g., cyanoaquocobinamide, 
cyanocobalamin (vitamin B, 2 itself), methylcobalamin, 5-deoxyadenosyl- 
cobalamin [the organometallic complex with the ligand (II)]. Organometallic 
complexes are, in fact, known with other corrinoid ligands, but these show 
no important differences from the cobinamides and cobalamins and will 
not be mentioned in this review; for further details see (136). The following 
abbreviations are used here: 


corrinoids in general corrin 

cobalamins cobal 

cobinamides cobin 




Aetioporphyrin I porph X = H Phthalocyanine phthal , Pc 

X = SOjH Phthalocyanine tetrasulfonic acid phthalTS, TsPc 
(N.B. The substituents all occupy 
^-positions, but their disposition 
relative to each other is not known.) 
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(VI) 

CR, Cr, cyp 




(VIII) 

n = 2 (DO) (DOH)en, Dmed + 

« = 3 (DO)(DOH)pn, 

(DOH) (DO)pn, Dmpd + 



(IX) 


R = H (G) 2 , glyoxime 

R = Me bis(dimethylglyoximato), 


(DMG) 2 , (dmg) 2 , (dmgh) 2> dmgh 2) (dmgH) 2 
Dmg, (DH) 2> (D 2 H 2 ), (DMH) 2i bdg 
R = phenyl (DPG) 2 , Dpg, (DPH) 2 

R = p-methoxyphenyl ( DMPG) 2 , (DMPH) 2 
R = p-nitrophenyl ( DNPG) 2 , (DNPH) 2 



n = 3 ( CPD) 2 

n = 4 (CHD) 2 , Chdioxime (DMG-BF 2 ) 2 , DmgB 2 F 4 
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preparation, and in their chemical and physical properties [for examples see 
Chapters 7 and 13 of ref. (136)]. It is worth pointing out that organocobalt 
complexes are known in which the formal valency is Co(II), e.g., trans- 
[Co(PR 3 ) 2 (aryl) 2 ] (31), or Co(I), e.g., CH 3 Co(CO) 4 (81), and that 5- 
deoxyadenosylcobalamin was for some time considered to be a paramagnetic 
cobalt(II) complex [see discussion in ref. (55)]. 

All organocobalt(III) complexes, for which magnetic susceptibilities 
have been determined, are diamagnetic, whether six-coordinate, five- 
coordinate or dimeric (70, 86,121, 49, 47,38,39, 64,43,174). The majority 
of the remaining complexes, including [(7>-allyl)Co(CN) 4 ] 2_ (109), have 
been studied by NMR spectroscopy and their spectra are consistent with 
the presence of a diamagnetic cobalt ion. But one cannot exclude the 
possibility that some particular combination of ligands may cause accidental 
degeneracy of, for example, the d z i and d xy orbitals and give rise to para¬ 
magnetism. 

No organocobalt(III) complexes have yet been reported to contain a 
77 -bonded olefin or acetylene, though the former probably occur as reaction 
intermediates (see Section VI,B,l,d). In other words, equilibria such as 

Trch 

[RCH=CH- — Co'"] + H+ I |_ h — Co'" 

lie far over to the left. The following type of equilibrium is, however, well 
established (see Section V,C). 

[(<7-allyl)Co(CN) 5 p- ^ [(7r-allyl)Co(CN) 4 p- + CN~ 

We are therefore concerned almost exclusively with compounds which can 
be regarded as complexes of cobalt(III) with a coordinated carbanion (R _ ). 
It would be equally admissible to regard them as complexes of Co(II) 
containing a radical (R-) with antiferromagnetic coupling of the spins, or 
of Co(I) with a carbonium ion (R + ). In fact, in their reactions the transition 
state may correspond to any one of these three formulations. But since the 
ligands NC - , HC=C~, CH 2 =CH - , and CH 3 CH 2 ~ form a regular, graded 
series in their effects on the chemical properties of the rest of the complex 
[see (139)], while alkyl ligands are similar to CN - and N0 2 “ in their effects 
on the d-d spectra (see Section II,D), it seems more sensible to treat them 
as cobalt(III) complexes. Calderazzo and co-workers also concluded from a 
comparison of the 59 Co NMR spectra of methyl- and acetyl-Co-salen with 
those of more conventional cobalt(III) complexes that the former should 
be considered as cobalt(III) complexes (64). 
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8. Stereochemistry 

Three topics will be discussed here: (1) the configuration of the cobalt 
ion (octahedral, square-pyramidal, dimeric complexes), (2) details of the 
structure of the organo-ligand and its interaction with the equatorial ligand 
and (3) the existence of isomers. The most direct and unambiguous evidence 
on structural details comes, of course, from X-ray diffraction studies, but 
additional evidence is provided by the observation of chemical equilibria, 
NMR spectra, etc. The structures of 11 organocobalt(III) complexes have 
now been determined by X-ray analysis; some of the data relating to the 
immediate coordination sphere of the cobalt ion are given in Table 1. 

1. Configuration of the Cobalt Ion 

The X-ray data show that organocobalt(III) complexes can exist in the 
three different stereochemical configurations shown diagrammatically in 
(XX)-(XXII). 

(a) Six-coordinate, octahedral, as expected for most cobalt(III) com¬ 
plexes (XX). 

(b) Five-coordinate, square-pyramidal (XXI). 

(c) Dimeric, consisting of two square-pyramidal complexes, the second 
axial position of each cobalt being occupied by a coordinated atom (O in 
the case of salen) of the equatorial ligand of the other (XXII). In these 
dimers the relevant equatorial oxygen atoms use $/> 2 -hybridized orbitals 
for forming the coordinate bonds within each half of the dimer, and pure 
p orbitals for forming the coordinate bonds linking the two halves. The 
latter bonds are expected to be much weaker. 

R R 

I / 1/ 

—Co— —Co -O 

(xxi) 6— Co— 

^1 
R 

(XXII) 

The polymeric [NCCH 2 Co(salen)] is a variant of the octahedral structure, 
in which the organo-ligand of one molecule also serves as the second axial 
ligand of the next in the polymeric chain. Solution studies have revealed 
other examples of five coordinated and dimeric complexes (see below). 

In the case of BAE and salen complexes with simple alkyl ligands these 
different configurations can usually be distinguished by their color and 


R 



X 

(XX) 



TABLE I: Bond Lengths 


i Angles 


R L 4 

X 

Co—C—C 

Position of Co 
vis-a-vis L 4 

C^=C 

Bond lengths (A) 
Co—L 

Co—X 

References 

Six-coordinate, monomeric complexes 

HCF 2 CF 2 - (CN)« 

CN 

119.7° 


1.990 

1.894 (av.) 

1.927 

120 

5-Deoxyadenosyl corrin 

Bzm“ 

125° 

Approx, coplanar 

2.05 

1.92, 1.91, 1.97, 1.98 

2.23 

114 

CH 3 OOCCH 2 - (DMG)j 

py 

115° 

Coplanar to with- 

2.033 

1.883,1.891,1.885, 

2.043 

112, 113 

CH 3 - (DO)(DOH)pn 

h 2 o 

_ 

in 0.02 A 
Coplanar 

1.99 

1.896 

1.86,1.94,1.92,1.88 

2.14 

22 

CH 3 COCH 2 - salen 

CHjOH 

Not given 

Coplanar to with- 

2.02 

Not given 

2.20 

30 

(NC) 2 CH- salpn-1,2 

py 

111°, 115° 

in 0.05 A 

2.02 

Co—O, 1.88, 1.89; 

2.07 

4 

ch 2 =ch- bae 

HjO 

127.2° 

Coplanar 

1.89 

Co—N, 1.87, 1.90 
Co—O, 1.92; 

2.22 

21 

c 6 h 5 - BAE 

h 2 o 

_ 


1.93 

Co—N, 1.89 

Co—O, 1.91; 

2.33 

24 

Six-coordinate, polymeric complexes 

NCCH S - salen 

NCCHjCo 

Not givdn 

Coplanar to with¬ 

1.99 

Co—N, 1.89 

Not given 

2.09 

30 

Five-coordinate complexes 

ch 3 - BAE 



in 0.05 A 

0.12 A above 

1.95 

Co—O, 1.91; 

2.33 

23 

Dimeric complexes 

CH 3 CH 2 - salen 

O(salen) of 

119.5° 

plane* 

0.06 A above 

1.990 

Co—N, 1.89 

Co—O, 1.901, 

2.342 

27 


other half 


plane* 


1.935; Co—N, 
1.886, 1.880 




“ Bzm is 5,6-dimethylbenzimidazole. * Toward the C atom. 
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n 
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electronic spectra (see Section II,D). The octahedral complexes are 
orange, the five coordinate complexes green, and the dimers (at least in the 
case of methyl- and ethyl-Co(salen), which are the only two established 
so far) deep red. The five-coordinate complexes with ligands such as 
CHjCO- and CH 2 =CH- are, however, violet (40). In most cases the six- 
coordinate aquo complex is the product obtained from the reaction mixture 
in the absence of added bases such as pyridine or phosphines. The H 2 0 
may be removed from the solid by drying over P 2 O s or by gentle heating. 
The aquo complexes often dissolve in noncoordinating solvents such as 
CH 2 C1 2 to give green solutions, from which the five-coordinate solids can 
be obtained by recrystallization. Six-coordinate complexes containing 
other bases such as NH 3 or pyridine may in certain cases also be converted 
into their five-coordinate forms by heating. CHjCo(salen) is the only 
compound for which all three forms have been isolated in the solid state. 
The octahedral aquo complex can be dehydrated over P 2 0 5 to give the green 
form, which is then converted slowly, if spontaneously, into the red dimer, 
rapidly if treated with anhydrous ether (64). The octahedral [EtCo(salen)- 
H 2 0] does not appear to exist and the dimer is obtained instead (47). 
For further examples of the existence of organocobalt complexes with the 
ligands BAE and salen in different configurations and for details of their 
preparation see Section IV and, in particular, refs. (64,49,47,40,43,16,17). 
Two studies have been carried out using NMR spectroscopy on the effect 
of the nature of the organo-ligand on the binding of ligands in the sixth 
position of BAE complexes. Formation constants for the binding of pyridine 
fell in the order R = vinyl (K = 12 M" 1 ) > Me(9) > Ph(6) > Et(l) (83). 
With a series of para-substituted phenyl ligands the formation constants 
for the binding of pyridine fell with the nature of the substituent in the order 
N0 2 (K = 85 ± 13 M-') > CN > Br ~ I > H ~ Me ~ MeO (6.1 ± 0.8); 
formation constants for the binding of piperidine showed a very similar 
variation (82). 

Organo-corrinoids may also exist in both five- and six-coordinate forms; 
the presence of the corrin ring with its side chains prevents dimerization 
of the type found in [EtCo(salen)]. The two forms show marked differences 
in their electronic spectra and hence in their color; the six-coordinate forms 
are usually red, and five-coordinate yellow. Quantitative studies with 
aqueous solutions of the cobinamides show that the position of the following 
equilibrium is increasingly displaced to the right as the ligand X is changed 
[XCo(cobin)(H 2 0)] ^ [XCo(cobin)] + H z O 
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in the order (% five-coordinate form in H 2 0 at 20° C given in parentheses): 
CN- (0), CH 2 =CH- (70), CHj- (90), MeCH 2 - and Me 2 CH- (both 100). 
This order of ligands is the same as that found for a variety of other cis and 
trans effects (see Section II,C). The following values were obtained for the 
changes in entropy and enthalpy involved in the loss of H 2 0; vinylcobin- 
amide AH 4.5 ± 2.0 kcal/mole, -dS 15.5 ±7 e.u.; methylcobinamide AH 
4.4 ± 2.0 kcal/mole, AS 16 ±7 e.u. The reversible loss of H 2 0 to give the 
five-coordinate forms can also be brought about in the solid state merely by 
varying the partial pressure of water vapor (61). For further examples of 
equilibria involving five-coordinate organocobalt corrinoids see ref. (136, 
Section 8.3). 

Organocobalt complexes with other equatorial ligands also show the 
ability to exist in more than one configuration. Both methyl- and acetyl- 
Co(saloph) can be obtained as anhydrous compounds and as the mono¬ 
hydrate, and five- and six-coordinate forms of the acetyl complex can 
be distinguished in solution by the frequency of the CO stretch (16). 
The complexes [RCo(7-Me-salen)] where R is Me, Et, CH 3 CO, Ph, and 
CH 3 OCO form red solids, but green solutions (16). Certain complexes of 
the type [RCo(DMG) 2 H 2 0] can be dehydrated by boiling the solutions 
in benzene; this reaction occurs readily with the methyl, sluggishly with the 
ethyl, and not at all with the propyl compound (161). It was shown later 
that the molecular weight of the methyl compound in CH 2 C1 2 corresponded 
to the dimer and that the NMR spectrum agreed with a dimeric structure 
formed by coordination of each cobalt atom to an oxygen atom of the other 
half (116a). Solutions of the complexes [RCo(CR)Br] l PF 6 ^ in methanol 
gradually lose bromide ion to give the five-coordinate forms (131). Sur¬ 
prising color changes, whose cause is so far unknown, are found with 
[propylCo(phthal)]; it forms, as expected, deep blue solutions in THF, 
DMF, and pyridine, but is ruby red in the solid state (174). There may even 
be cases of five-coordination among the organocyanide complexes; some of 
the products of decomposition of the ions [RCo(CN) 5 ] J ~ in acid have a 
stoichiometry corresponding to five-coordination (101), e.g., 

K 2 [RC—Co(CN)„] 

NH 

Costa and co-workers have compared the effect of different equatorial 
ligands on the relative stability of the five- and six-coordinate forms by 
studying the tendency of the five-coordinate acetylcobalt complexes to bind 
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pyridine or A^-methylimidazole in the sixth position, and report the following 
order of increasing stability of the six-coordinate forms: BAE < 7-Me-salen 
< salen < saloph <s (DMG) 2 and(DO)(DOH)pn(76). No direct comparison 
has yet been made between these ligands and corrin. 

2. Steric Features of the Organo-ligand 

One of the surprising features revealed by the data in Table I is the 
large Co—C—C bond angle observed when the coordinated carbon atom is 
formally tetrahedral; in most cases the bond angle is closer to that of a 
trigonal (120°) than a tetrahedral (109.5°) carbon atom. This rehybridization 
of the carbon atom is presumably caused by the need to maximize the 
overlap with the relevant hybridized orbital of the cobalt and to minimize 
the various repulsions, in particular between the electron pairs in the C—C 
and C—H bonds on the one hand and the nonbonded electron pairs of 
cobalt (the t lg subshell) and nitrogen on the other. It is interesting to see 
that in the octahedral complexes the cobalt ion lies within the plane formed 
by the four equatorial ligand atoms, but that in the five-coordinate complex 
the cobalt is displaced 0.12 A above the plane towards the carbon atom of 
the single axial ligand. This obviously serves to reduce these repulsions 
and hence allows a shortening of the Co—C (tetrahedral) bond length from 
1.99-2.05 A in the six-coordinate complexes to 1.95 A in the five-coordinate 
complex. The dimeric complex, in which the second axial ligand is bonded 
rather weakly represents an intermediate stage; the cobalt is displaced 
0.06 A above the plane of the equatorial ligand atoms towards the carbon 
atom. It would be interesting to see whether the Co—C—C bond angles 
are less abnormal in five-coordinate complexes. 

Steric compression and repulsion involving the organo-ligand may also 
occur at points further removed from the cobalt. The increase in the 
C—Co—N(equatorial ligand) bond angle to 95° from the expected 90° 
in [MeOOCCH 2 Co(DMG) 2 py] is apparently due to contact between the 
carboxy carbon and a coordinated nitrogen atom of a DMG unit (112). The 
BAE ligand consists of two planar, conjugated halves, which are inclined 
at an angle to each other. In [PhCo(BAE)H 2 0] the two halves are bent 
away from the phenyl ligand (at an angle of 8.9° to each other) and the 
Co—OH 2 is relatively long (2.33 A) (24); while in [vinyl-Co(BAE)H z O] 
the two halves are bent towards the vinyl ligand (at an angle of 11.2°) and 
the Co—OH 2 bond is much shorter (21). This presumably reflects the 
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greater steric hindrance of the phenyl compared to the vinyl group. The 
angle between the two halves is much smaller (4.0°) in the five-coordinate 
[MeCo(BAE)] (23). The salen ligand may also show considerable variation 
in conformation; in [CH 3 COCH 2 Co(salen)MeOH], for example, one half 
of the salen ligand is distorted by contact with the acetone moiety (30). The 
corrinoids show an even greater variation in the conformation of the 
equatorial ligand, though this is not due to contact with any organo-ligand. 
The corrin ring is nonplanar and buckled; examination of the structures of 
5-deoxyadenosylcobalamin and other corrinoids shows the existence of 
four basic patterns of buckling (114). 

A related phenomenon, apparently caused by interaction of the organo- 
ligand with the corrin ring and its substituents, is the absence of free 
rotation around the Co—C bond revealed by the nonequivalence of the 
a and/or /3-protons in the NMR spectra of w-propyl- and isopropylcobin- 
amide and 5-deoxyadenosylcobalamin and cobinamide, though free 
rotation occurs in ethylcobinamide (88, 35, 20). 

3. Geometrical and Optical Isomers 

No cases of cis/trans isomerism have yet been reported among organo- 
cobalt(III) complexes, even among compounds not covered by this review. 
Complexes such as [R 2 Co(bipy) 2 ] + all have the cis configuration; steric 
hindrance would be greatly increased by the coplanarity of the two bipyridyl 
ligands in the trans isomer (123). 

Isomers are, of course, possible when the equatorial ligand lacks a plane 
of symmetry, as in the corrinoids [see (III)]. All the acetamide side chains 
project to one side of the corrin ring, which we shall call the “upper” side, 
and all the propionamide side chains and the nucleotide side chain to the 
“lower” side. Isomers are then theoretically possible whenever the two 
axial ligands are different, and their existence has been shown experimentally 
for corrinoids where one axial ligand is CN~, Me, or Et and the other is 
H 2 0 or is absent [for further details see Section 8.2 of ref. (136)]. Salen and 
BAE also show minor deviations from planarity due to the bending of the 
two halves (mentioned above in Section II,B,2) and to torsion about the 
C—C bonds in the ethylene bridge (see references in Table I), but these 
are not expected to give rise to separable isomers. 

Only one optically active simple organocobalt complex has so far been 
reported, namely [RCo(DMG) 2 py], where R is the optically active 1- 
methylheptyl ligand (55). All cobalt corrinoids, where the ring has been 
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formed biosynthetically, are of course, optically active, and in addition the 
5-deoxyadenosyl ligand (II) is optically active. Ligands such as salpn-1,2 
contain an asymmetric carbon atom, but no attempt to separate any enantio- 
morphic complexes has yet been reported; X-ray analysis of the structure of 
[(NC) 2 CHCo(salpn-l,2)py] shows disorder of the methyl groups in the 
propylene bridge (4). 

C. Cis and Trans Effects 

Changing one ligand in a complex can affect the physical and chemical 
properties of the other ligands; in the case of octahedral cobalt(III) com¬ 
plexes such a change can affect the ligands in both the cis and trans positions. 
Ligands can be arranged in an order of cis and trans effects depending on 
how they affect the other ligands in the complex. This is to be clearly 
distinguished from the order of ligands determined from their effect on the 
physical (i.e., spectroscopic and magnetic) properties of the central metal 
ion, i.e., the spectrochemical and nephelauxetic series; the d-d spectra of 
organocobalt(III) complexes are mentioned in Section II,D. 

One of the most interesting aspects of the chemistry of cobalt(III) 
complexes is the existence of several series of complexes which differ only 
in one ligand (including organo-ligands), thus allowing a direct comparison 
of organo-ligands with the simpler, more “inorganic” ligands such as H 2 0, 
NHj, Cl - , or CN - , usually studied by coordination chemists. Such com¬ 
parisons have revealed the remarkably strong cis and trans effects exerted 
by alkyl and related ligands. Since recent reviews have covered the subject 
of cis and trans effects both in cobalt(III) complexes in general (139) and in 
cobalt(III) corrinoids in particular (136), only a very brief summary will 
be given here. The observed effects of a given ligand as compared with 
another can be divided into the following: 

(1) Ground-state effects, i.e., the effects on the bond lengths and angles, 
stretching and bending force constants, and other spectroscopic properties 
of the other ligands. 

(2) Thermodynamic effects, i.e., the effect on equilibrium constants for 
the substitution of one ligand by another (without a change in the coordina¬ 
tion number), for the gain or loss of a ligand (with a change in the coordina¬ 
tion number), or for some equilibrium involving another ligand which 
remains coordinated (e.g., gain or loss of a proton). 

(3) Kinetic effects, i.e., the effect on the rates of the reactions listed under 

( 2 ). 
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As a broad generalization, we can say that substitution of, say, H 2 0, 
NH 3 or CN - by CH 3 ~ leads to the following changes in complexes of the 
type discussed in this review: the other Co-ligand bond lengths increase, 
the properties of the other ligands approach those of the free ligands, the 
formation constants for the binding of all ligands in the sixth position fall, 
and the rates of gain, loss or substitution of ligands increase. As we have seen 
in Section II,B,1, the binding of the sixth ligand is often so weak that five- 
coordinate complexes may be obtained. For experimental evidence on the 
high rate of ligand substitution reactions in organocobalt(III) complexes 
see, for example, refs. (78) (corrinoids), (52, 143) (DMG complexes), (83) 
(BAE), and (48) ((DO)(DOH)pn). 

D. d-d Spectra 

The d-d transitions are most easily seen and identified in the pentacyanides 
[Co(CN)jX], Compare the following wavelengths (in nm) of the first d-d 
transition ( l T lg <- l A ig ): X = H-, 305 (6); CN“, 310(7J); -CF 2 CF 2 H, 311 
(121); -CH 3 , 318 (74); NH 3> 345 (11); H 2 0, 380 (73). This shows that 
both organo-ligands exert a very strong ligand field comparable with that 
of CN~ and establishes their position in the spectrochemical series. It is a 
pity that the second d-d transitions ( 1 T lg ■*- l A lg ), which would establish 
the position of these ligands in the nephelauxetic series, have not yet been 
reported. Two bands have, however, been reported for the binuclear 
complex [(NC) 5 Co(CF 2 CF 2 )Co(CN) 5 ] 4 - at 320 and 276 nm (121). 

Costa and Busch and their co-workers have identified the three bands of 
lowest energy in organocobalt complexes of BAE, salen, (DMG) 2 , and CR 
as d-d transitions (47,131). Calculations showed that the ligand field of the 
alkyl ligands was comparable to that of N0 2 - (i.e., between NH 3 and CN“), 
and the relatively high extinction coefficients (~10 3 ) were ascribed to a high 
degree of covalency in the metal-ligand bonds and to the absence of a 
center of symmetry (131). 


Ill 

FORMATION OF THE Co—C BOND 

The Co—C bond can be formed by reactions of the following main types: 

Co(I) or Co—H complexes + electrophiles (e.g. CH 3 I, HC=CH, olefins) 
Co(II) complexes + radicals (and possibly electrophiles) 

Co(III) complexes + nucleophiles (e.g. RMgBr, CO) 
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In this section we concentrate on the types of reaction, their kinetics, 
stereochemistry, and mechanism, and deal with the above groups in turn; 
Section IV deals with the practical details of applying these and other 
reactions to the synthesis of organocobalt(III) complexes. 

There are also two reactions of organo-Co(I) and Co(III) complexes 
which do not fit into the above groups. [CH 3 Co(salen)H 2 0] reacts with 
C 3 F 7 I in ~3 days at room temperature or in 30 minutes on refluxing in 
ethylene glycol dimethyl ether to form [C 3 F 7 Co(salen)H 2 0] (174a). Is 
this a simple electrophilic attack by the organic halide ? Attempts to replace 
one alkyl ligand by another by, for example, treating [CH 3 Co(DMG) 2 py] 
with BuLi were, however, unsuccessful (161). Organo-Co(III) complexes 
of (DO)(DOH)pn, CR, and tim can be reduced to organo-Co(I) complexes, 
which can be further alkylated to give the franr-dialkyl-Co(III) complexes 
(60, 45, 42) (see also Section VI,E). 

A. Reactions of Co(l) and Co—H Complexes 

The simple Co(I) complexes may reversibly pick up a proton to give 
what is essentially a Co(III) complex with a coordinated hydride, i.e., 

Co(I) + H+ ^ [Co ,n H-] 

These two types of complex may, and do, show differences in their behavior 
towards alkylating agents. The existence of this equilibrium was first 
demonstrated in the case of the pentacyanide complex, which exists as the 
hydride [Co(CN) 5 H] 3- throughout the normal pH range (6), but loses a 
proton to form [Co^CN^] 4- in strongly alkaline solutions with a p K of 
approximately 18-19 (76). A similar equilibrium has also been established 
for DMG and related complexes; the neutral [HCo(DMG) 2 PBu 3 ] can, 
for example, be extracted from aqueous methanol into benzene or hexane, 
and phase distribution measurements suggested a pK of 10.5 in 50% 
aqueous methanol (149). [Co'(phthalTS)] is reversibly protonated in 
aqueous solution (pK 6.6), and this has been ascribed to formation of the 
hydride complex (104). There is also some evidence that solutions of 
[Co^salen)] - and [Co'(BAE)] - in THF are converted into the correspond¬ 
ing hydrides when treated with deaerated water (40, 43). By contrast, it has 
been shown that the corrinoids in aqueous solution remain square-planar, 
four coordinate, Co(I) complexes down to pH ~5, below which H 2 is 
rapidly evolved, perhaps via the formation of the hydride (136). Reversible 
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protonation is obviously a fairly general reaction of Co(I) complexes, 
though the p K depends strongly on the nature of the ligands. Examples of 
differences between the Co(I) and hydride complexes are given in the section 
below. An interesting example of the effect of solvent is the observation that 
among the DMG complexes both the Co(I) and hydride forms react with 
alkyl halides at similar rates in protic solvents, but that solutions of the 
hydride in dry hexane or benzene [the Co(I) complex is presumably not 
soluble in these solvents] are unreactive towards alkyl halides, ethylene 
oxides, ethyl acrylate, or acrylonitrile (149). 

These complexes can react with a wide range of electrophilic reagents, 
which can be classified roughly into the following groups [equations are 
written only for Co(I) complexes], 

(A) Substitution 

(1) At a saturated carbon atom, i.e., 

Co(I) + RX — Co—R + X- 

where R may be alkyl, allyl, benzyl, fluoroalkyl, etc., and X - may be Cl - , 
Br - , I - , tosylate, carboxylate, f S0 4 2- , $P0 4 J_ , R 3 N, R 2 S, Hg°, etc. Diazo¬ 
methane behaves similarly, i.e., 

Co(I) + CH 2 N 2 + H + - Co—CH 3 + N 2 

(2) At a saturated carbon atom with ring-opening, e.g., 

O 

Co(I) H- ch 2 —CH 2 + H + - Co—CH 2 CH 2 OH 
Other examples are ethyleneimine, tetrahydrofuran, and /1-lactones. 

(3) At an acyl carbon atom, e.g., 

Co(I) + RCOC1 (or RCOOOCR) -> CoCOR + C1‘ (or RCOCT) 

(4) By an alkenyl halide, i.e., Co(I) + RCH=CHX -> CoCH=CHR +X - 

(5) By an alkinyl halide, i.e., Co(I) + RC=CX -* CoC=CR 4- X - 

(6) By an aryl halide or diazonium cation, i.e., 

Co(I) + ArX — CoAr + X 
Co(I) + ArN 2 + -* CoAr + N 2 

(B) Addition 

II II 

(1) To olefins, i.e., Co(I) + C=C + H + -> Co—C—C—H 

II II 

(2) To acetylenes, i.e., Co(I) + RCsCR' + H + -> Co—CR=CR'H 
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Depending on the various steric and electronic factors of both the alkylat¬ 
ing agent and the cobalt complex, one may observe either (1) no reaction, (2) 
formation of an organoeobalt complex, or (3) further reaction of the organo- 
cobalt complex, due to instability of the Co—C bond. Some examples of 
(1) and (3) are mentioned below. Reactions involving cleavage of the 
Co—C bond are discussed in more detail in Section VI,B. Information on 
the stereochemistry and mechanism is discussed separately for each type of 
reaction. Kinetic data have been reported only for Al. One complicating 
factor is that the Co(I) and hydride complexes may both react (but by 
different pathways) and it is sometimes not clear from the experimental 
data and reaction conditions which is the reactive complex. 

Al, Alkyl Halides, etc. and A2, Epoxides, etc. 

By studying the NMR spectra of the products, Jensen and co-workers 
were able to establish that the alkylation of (the presumed) [Co‘(DMG) 2 py]~ 
in methanol by cyclohexene oxide and by various substituted cyclohexyl 
bromides and tosylates occurred primarily with inversion of configuration 
at carbon i.e., by an S N * mechanism. A small amount of a second isomer, 
which must have been formed by another minor pathway, was observed in 
one case (95). Both the alkylation of [Co , (DMG) 2 py]“ by asymmetric 
epoxides (129, 142) and the reduction of epoxides to alcohols by cobalt 
cyanide complexes (105, 103) show preferential formation of one isomer. 
In addition, the ratio of ketone to alcohol obtained in the reaction of epoxides 
with [Q^CNJjH] 3- increases with pH and this has been ascribed to differing 
reactions with the hydride (reduction to alcohol) and Co(I) (isomerization 
to ketone) (103) (see also Section VII,C). 

Schrauzer and co-workers have studied the kinetics of alkylation of 
Co(I) complexes by organic halides (RX) and have examined the effect of 
changing R, X, the equatorial, and axial ligands (148, 147). Some of their 
rate constants are given in Table II. They show that the rates vary with X 
in the order Cl < Br < I and with R in the order methyl > other primary 
alkyls > secondary alkyls. Moreover, the rate can be enhanced by sub¬ 
stituents such as Ph, CN, and OMe. ferf-Butyl chloride will also react 
slowly with [Co'(DMG) 2 py] _ to give isobutylene and the Co(II) complex, 
presumably via the intermediate formation of the unstable tert -butyl 
complex. In the case of Co(I) cobalamin, the Co(II) complex is formed in 
the reaction with isopropyl iodide as well as tert-butyl chloride. Solvent 
has only a slight effect on the rate, e.g., the rate of reaction of Co(I) cobalamin 
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TABLE II 


Rates of Alkylation of Co(I) Complexes by 
Organic Halides” 

Co(ir + RX - R-Co + x- 


R 

K 2 (M-> sec 1 ) 
X = Cl Br 

I 


(1) [Co'(DMG)jPBu 3 ]- 


Me 

8.5 x 10-> 

2.2 x 10 1 

2.3 x 10 3 

Et 

9.0 x 10~ 3 

1.6 

— 

n-Pr 

6.3 x 10- J 

1.5 

— 

<-Pr 

3.2 x 10-" 

1.1 x 10-' 

3.2 

PhCHj- 

4.4 x 10’ 

1.9 x 10 4 

— 

NCCHj- 

1.6 x 10 3 

— 

— 

MeOCHj- 

>1 x 10 4 

— 

— 


(2) [Co'Cobal]- 


Me 

5.0 

1.6 x 10 3 

3.4 x 10« 

Et 

4.7 x 10- J 

3.1 x 10' 

— 

n-Pr 

3.7 x 10- 3 

1.4 x 10' 

— 

i-Pr 

~ 

1.8 

2.3 x 10 2 


* Conditions: 0.1 F NaOH in methanol, 25°C. From 
ref. (147). 


with CHjCl is 6.2 times faster in water than in methanol (147). The addition 
of a base has no significant effect on the rate of reaction with Co(I) cobalamin 
(as expected, since it does not appear tp coordinate bases), but with other 
Co(I) complexes it decreases the rates of alkylation in the approximate 
order (for the same concentration of base) no base > py > Me 2 S >PBu 3 > 
cyclohexyl isocyanide. Since the formation constants of the adducts were 
not determined, these results are only qualitative (147). A general comparison 
of the rates of alkylation with various RX and B suggested that the rates fell 
with the nature of the equatorial ligand in the approximate order: ? salen, ? 
porphyrin > corrin > (DMG) 2 > (CHD) 2 > (CPD) 2 > (DPG) 2 > (DO) 
(DOH)en ~ (DO)(DOH)pn > (DMG-BF 2 ) 2 (147). A variety of observa¬ 
tions suggest that BAE may have an even greater effect than salen (16), 
since it is the only Co(I) complex reported to react with a simple aryl 
halide (see A6). But the most interesting comparison is, perhaps, with other 
nucleophiles, using the nucleophilic reactivity constant (« C h 3 i)> which is 
defined as m CH3 , = log(K Y IK CH]OH ) where K Y and ^ CHjOH are the second- 
order rate constants for the reactions of CH 3 I in methanol at 25°C with 
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the nucleophile Y and with methanol (i.e., solvolysis), respectively. 
Schrauzer et al. quote the following values for Co(I) complexes and certain 
other nucleophiles: CH 3 OH, 0.00; Cl", 4.37; NH 3 , 5.50; Br”, 5.79; I~ 
7.42;PBu 3 ,8.69; S 2 0§- 8.95; Ph 3 Sn~ 11.5; Ph 3 Ge- 12; [Co'(DMG) 2 X]- 
where X = PBu 3 13.3, py 13.8, and. H 2 0 14.3; [Co'cobal], 14.4 (148). 
Co(I) salen, porphyrin, and BAE probably have even higher values (see 
above). It is clear that Co(I) complexes are some of the most active nucleo¬ 
philes known. The hydrido-Co(DMG) 2 complexes apparently react with 
alkyl halides in protic solvents at rates similar to those of the Co(I) complexes, 
but no experimental details or results have been given (149). 

A3, Acyl Halides, etc. 

No mechanism or kinetic data reported. 

A4, Alkenyl Halides 

Duong and Gaudemer studied the alkylation of (presumably) [Co 1 - 
(DMG) 2 X]~, where X is pyridine, aniline, or water, by the cis and trans 
isomers of /?-bromostyrene (PhCH=CHBr) and the methyl ester of 
/J-chloroacrylic acid (CHCl=CHCOOMe) in 50% aqueous methanol, 
and found that the configuration of the double bond remained unchanged, 
i.e., the halogen had simply been replaced by cobalt. They suggested that 
the reaction involved the addition of cobalt, followed by the elimination of 
the halide ion (apparently without rotation around the C—C bond), i.e., 

Co 1 + "C=C^ — Co—C—C. — ";c=c. + Hal - 

Hal X | Co 

Hal 

Change of base (pyridine, aniline, water) had no obvious effect on the 
steric course of the reaction (59). Rather surprisingly, it appears that the 
reactions of the cis and trans isomers of 1-bromopropene with the hydride 
[Co(CN) 5 H] 3_ give different products; this eliminates an initial addition 
of Co—H to the double bond, since this would lead to the same product for 
the two isomers (105). Vinyl chloride apparently reacts only with [Co’salen] - , 
and not with the hydride, to form the CH 2 =CHCo complex (43) ; the 
same may be the case with the BAE complexes (40). 

A5, Alkyinyl Halides 

The only reported example appears to be the reaction of bromoacetylene 
(BrC=CH) with Co(I) cobalamin, which gives both HC^CCo (by 
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substitution) and BrCH=CHCo (by addition) (97); there is no evidence 
to suggest whether the two products are due to different reactions with the 
Co(I) and Co—H complexes. 

A6, Aryl Halides, etc. 

The only reported reaction of a simple aryl halide is that of bromobenzene 
with [Co^BAE)] - , which appears to be one of the most nucleophilic Co(I) 
complexes (46, 16). a-Iodopyridine also reacts with [Co(CN),)H] 3_ (75). 


Bl, Addition to Olefins 

Some interesting differences are found between the reactions of Co(I) 
and Co—H complexes. For example, [Co^DMG^py] - will react at 
pH 10-11 with activated olefins to give the ^-substituted complexes 
[XCH 2 CH 2 Co(DMG) 2 py)], where X is COOH, COOR, CN, etc.; but at 
pH 7-8, where the complex is present as the hydride, the a-substituted 
derivatives [CH 3 CHXCo(DMG) 2 py] are formed (163, 149). Schrauzer, 
Weber, and Beckham were able to show that the reactions at higher pH 
proceeded via the intermediate formation of the w-olefin-Co(I) complex 
(159). The reactions involving Co(I) appear generally to be reversible and 
the addition of Co—H irreversible (see also Section V,C and VI,B). We 
can, therefore, write the scheme 


I I 

—C=$=C—X : 


1 I 

—C—C—X 

I I 

H Co 


The observed isomerization of /9- to a- substituted complexes probably 
occurs via this reaction sequence (163, 159). However, change of pH does 
not always change the nature of the product, e.g., styrene gives the a- 
phenylethyl complex (CHjCHPhCo) at all pH’s (163). In certain other 
cases one complex may react further or not at all, e.g., crotononitrile gives 
the a-substituted complex in neutral solution, but is reduced to butyro- 
nitrile in alkaline solution, while methylacrylonitrile gives the a-substituted 
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complex in neutral solution, but apparently does not react in alkaline solu¬ 
tion (163). [Co(CN) 3 H] 3- appears to react similarly to the above-mentioned 
hydride; acrylate and /rawi-crotonate give the a-substituted products 
(RCH 2 CH(COOH)Co), where R = H and CH 3 (94). 2-vinylpyridine gives 
the a-(2-pyridyl)ethyl complex (102), and experiments with [Co(CN) 3 D] 3_ 
also suggest that D adds to the /9-carbon (and hence Co to the a) in styrene, 
a-methylstyrene, a-vinylpyridine, methyl methacrylate and cinnamate 
(105). However, [NCCH 2 CH 2 Co(salen)H 2 0] is apparently formed by 
the reaction of CH 2 =CHCN with the hydride, not the Co(I) complex (43). 

Jackman, Hamilton, and Lawlor have studied the stereochemistry of 
the addition of [Co(CN) 3 D] 3_ to «,/9-unsaturated acids and identified the 
product of the addition of fumarate as the threo isomer, i.e., adduct forma¬ 
tion has occurred by a stereospecific cis addition of Co—D across the 
double bond (94). 

B2, Addition to Acetylenes 

Naumberg, Duong, and Gaudemer (129) have studied the stereochemistry 
of the addition of various acetylenes to [Co^DMG^py] - in methanol. 
They found, as already noted by Schrauzer and Windgassen (163), that 
the main product from the reaction with phenylacetylene in alkaline solution 
(pH > 10.5) was the /9-phenylvinyl complex (PhCH=CHCo), formed by 
the trans addition of the Co(I) anion and a proton, i.e., 

H+ H H 

HC=CPh -► '"C- C^ 

Co^ ^Ph 

Co' 

But in neutral solution, where the complex is present mainly as the hydride, 
the only product was the a-phenylvinyl complex (CH 2 =CHPhCo). 
When the Co(I) complex was formed by reduction with D 2 or NaBD 4 in 
CH 3 OH the reaction in neutral solution gave a product containing a 
significant amount of deuterium in the position cis to cobalt. This estab¬ 
lishes the mechanism as the stereospecific cis addition of Co—D across the 
double bond, i.e., 

PhC=CH Ph_ .H 

_„ /C=C^ 

Co 

Co—D 

Phenylacetylene is apparently one of thee few actylenes so far reported which 
is able to react via the cis addition of Co—H. Methyl propiolate, ethyl 
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tetrolate, acetylenedicarboxylic acid dimethyl ester, and 3,3,3-trifluoroprop- 
1-yne all react via the trans addition of Co and H, even in neutral solution 
(129), though propargyl alcohol can give both cis and trans products (59). 
The a-phenylvinyl complex is also formed by the reaction of phenylacetylene 
with the hydride [Co(CN) s H] 3 ~ (105). Moreover, the homogeneous 
hydrogenation of phenylethynecarboxylic acid (PhC=CCOOH), catalyzed 
by cobalt cyanide complexes, gives c«-cinnamic acid (PhCH=CHCOOH) 
as the major initial product (10). For the addition of bromoacetylene to 
Co(I)-cobalamin see A5, above. 


B. Reactions of Co(ll) Complexes 

Co(II) complexes react rapidly with free radicals but, because of the 
difficulty of handling radicals, most of the evidence is indirect. The radicals 
and Co(II) complexes can both be prepared in situ by photolysis of 
organocobalt(III) complexes, i.e., 

Light 

R—Co y R- + Co(II) 

Dark 

The reversibility of this reaction has been demonstrated in the case of 
methylcobalamin (140), and the same probably applies to most other 
organocobalt(III) complexes (see Section VI,A). Evidence for analogous 
and reversible thermal dissociation comes from the fact that the isomeric 
forms of methylcorrinoids, which differ in the relative orientation of the 
axial ligands, may be interconverted either by heating at -~90°C or by 
irradiating at room temperature, both in an inert atmosphere [see, for 
example, ref. (66) and Section 8.2.3 of ref. (136)]. Transfer of the methyl 
group from one complex to another occurs on irradiating a solution con¬ 
taining a methyl-Co(DMG) 2 complex and Co(II) cobalamin (158), and 
labeling experiments show that methyl groups are exchanged on heating a 
solution of methylcobalamin and methylcobinamide at 95°C (65). 

A rapid, nonphotochemical, transfer of the alkyl group has been observed 
at 44° C between [MeCo(BAE)H 2 0)] and [Co"(tfen)] in both the forward 
and reverse directions, and from the ethyl, but not the pentafluoroethyl, 
analog; and it was suggested that the reaction involved electron transfer 
accompanied by the transfer of the alkyl group (174a). Whatever the best 
description of the mechanism, it presumably involves direct transfer 
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between two cobalt ions, and not the intermediate formation of free radicals, 
i.e., 

R—Co A + Cob(II) ^ Co A (II) + R—Co B 

Free radicals can also be formed in situ by the abstraction of a halogen 
atom from an organic halide (RX) as in the sequence of reactions: 

RX + Co(II) R. + X—Co 

R- + Co(II) R—Co 


RX + 2Co(II) -► R—Co + X—Co 

This mechanism was first proposed by Kwiatek and Seyler (109) for reactions 
with [Co n (CN)j] 3 ~, and the kinetics have been studied by Halpern and 
co-workers in water or aqueous methanol using a wide range of mono- and 
dihalides (75, 32). This mechanism is supported by the facts that the products 
are often (e.g., when R = methyl, benzyl, -CH 2 COOH) approximately 
equimolar mixtures of the organo- and halopentacyanides, the reactions are 
first order in both cobalt and RX, the rate shows an inverse dependence on 
the C—X bond energy (i.e., RC1 < RBr < RI, X-CH 2 R < X-CHR 2 and 
C1CH 2 R < C1 2 CHR < C1 3 CR) (32, 75), and the intermediate formation of 
free radicals can be deduced from their dimerization products (e.g., di¬ 
benzyl from benzyl halides) (109) or by trapping (e.g., with acrylonitrile) 
(109, 108). In many cases the free radicals and organopentacyanides may 
undergo other reactions; see, for example, refs. (32, 105). A similar mech¬ 
anism was proposed on the basis of kinetic studies for the reaction of benzyl 
halides with five-coordinate complexes of the type [Co n L 4 B], where L 4 
is (DMG) 2 , (DPG) 2 , (DMPG) 2 , (DNPG) 2 , or saloph, and B an amine or 
phosphine, in benzene, acetone or methylene chloride (144, 119 ); it was 
also mentioned in a footnote that salen complexes resembled saloph 
complexes (119). It was found that variation of B could change the rate (of 
halogen abstraction) by a factor of ~10 3 ; the rate increased with increasing 
basicity among the amines, but no simple pattern was found for the phos¬ 
phines. On the other hand, comparison of rates with the same B, RX, and 
solvent showed that varying the equatorial glyoxime ligand had little effect; 
unfortunately, no direct comparison can be made with the saloph and penta- 
cyanide complexes. It is interesting that the reaction of p-nitrobenzyl 
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bromide in CH 2 C1 2 with the six-coordinate [Co n (salen)(l-methylimi- 
dazole) 2 ] proceeds by a different mechanism, which involves an initial 
electron transfer (118), i.e., 

Fut 

tCo"B] + B [Co"B 2 ] 

tCo"B 2 ] + RX [Co'"B 2 ] + + R. + X- 

[Co"B] + R- [RCoB] 

Dinuclear complexes can be formed by the reaction of C 2 H 2 with 
[Co'^CNJj] 3 " (70) and [Co n (DMG) 2 X], where X = H 2 0 or pyridine, 
(163), C 2 F 4 with [Co n (CN) 5 ] J - (121) and CS 2 with [Co n (CN) 5 ] 3 - (5, 125) 
according to the following schemes: 

2Co(Il) + HC=CH — Co—CH=CH—Co 
2Co(II) + CF 2 =CF 2 — Co—CF 2 —CF 2 —Co 
2Co(II) + CS 2 — Co—CS—S—Co 

But no mechanistic studies have been carried out and participation by a 
Co(I) or CoH complex, formed by disproportionation, cannot be ruled out. 

C. Reactions of Co(lll) Complexes 

Reactions with powerful nucleophiles such as Grignard reagents can 
only be applied to complexes which are soluble in organic solvents which 
do not decompose the alkylating agent. This method was first used in the 
organocobalt field by Wagner and Bernhauer in 1964 (176), who used both 
Grignard reagents and lithium alkyls to alkylate Co(III) corrinoids 
possessing esterified side chains. It has subsequently been applied to many 
other types of complex (see Table III). These reactions can be written 
schematically: 

R-(Li + , MgBr + ) + Co(III) - R—Co 

Brief mention has been made of the use of Li, Na, B, and A1 alkyls to form 
organocobalt-DMG complexes, but no details have been given except that 
tri-w-butylboron will react with either the dimeric [Co"(DMG) 2 py] or 
[Co m (DMG) 2 pyCl] to give [BuCo(DMG) 2 py] and that the yield is greater 
with the former (161); it is difficult to know what the mechanism is. 
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Costa and co-workers recently extended the scope of this type of reaction 
to alcoholic and aqueous solutions by showing that certain compounds 
such as nitromethane (CH 3 N0 2 ) and acetone (CH 3 COCH 3 ), which contain 
an active (i.e., ionizable) hydrogen, will react readily with the aquohydroxo- 
Co(III) complexes of salen, 7-Me-salen and saloph to give complexes 
containing the ligands CoCH 2 N0 2 and CoCH 2 COCH 3 (16). Complexes 
of salen and salpn-1,2 containing the ligand CoCH(CN) 2 have also been 
prepared by the reaction of malononitrile (NCCH 2 CN) with the Co(III)- 
methoxide complex in aqueous methanol (4). These reactions presumably 
proceed via reaction of the free carbanion with the Co(III) complex. 

Costa and co-workers have also shown that the Co—C bond may be 
formed by transfer reactions of the type 

[Me 2 Co{(DO)(DOH)pn}]°+ [HjO—Co 1 "] -* [Me—Co] + [Me—Co{(DO) (DOH)pn }HjO] + 

(for further details see Section VI,C,l,b) and by the insertion of CO. 
Costa, Mestroni, and Pellizer (44) found that CO will react with methanolic 
solutions of methoxide complexes (usually prepared by treating a solution 
of a halide complex with NaOCH 3 ) of salen, BAE, and (DMG) 2 to give the 
alkoxycarbonyl complex in quantitative yield, i.e., 

[RO~-*Co 111 ] + CO — ROCO—Co 

Since acidification liberates CO and the alcohol (45), the reaction is essen¬ 
tially reversible. The reaction presumably occurs via the substitution 
[usually a S N1 reaction (139)] of the coordinated alkoxide by CO, which then 
adds the alkoxide. In an extension of this reaction, the photolysis of solutions 
of [RCo(salen)H 2 0] (R = Me, Et, »-Pr, n-Bu) in alcohols R'OH (R' = Me, 

Et, f-Pr) in the presence of oxygen yields the complexes [R'OCOCo(salen)- 
H 2 0], in which the alkoxy group is derived from the solvent (37, 44). 


IV 

PREPARATIVE METHODS 

In this section, the corrinoids, the other macrocyclic complexes, and the 
cyanides are dealt with separately (Sections A-C). The preparative organo- 
metallic chemist will be primarily interested in Sections B and C, whereas 
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the inorganic chemist interested in biochemistry will want to refer pri¬ 
marily to Section A. [For a more complete account see the recent book, 
ref. (136).] The divisions have been made so that specialists in each area 
may follow progress in their own fields without necessarily having to read 
through sections which are not of direct interest to them. The general 
classification of preparative methods is the same as that made for the 
mechanistic discussions in Section III, viz. (1) Co(I) and electrophiles, 
(2) reactions involving Co(II), and (3) Co(III) and nucleophiles. The last 
route has so far not been applied to pentacyanides. The detailed arrangement 
within each section is slightly different from that in Section III, however, 
because it is made to reflect experimental method rather than mechanistic 
type. The nomenclature used in the summary in Table III is based on the 
classification of preparative methods used in the present section. 

The experimental details are mentioned as they arise; often air must be 
excluded from the reactions but there are many examples when this exclu¬ 
sion is not important (or may even be fatal!) to the reaction. A general point 
is that nearly all of these organocobalt(III) complexes are unstable to visible 
light, and so light should be excluded during the preparations at all times 
whenever the organocobalt(III) complex is in solution. The solid complexes 
are stable to visible light. 

Details of complexes which have been prepared are given in Table III, 
1-29. 


TABLE III 

The Preparation and Characterization of Organocobalt(III) Complexes of the 
General Formula [RCo n, (L*)X] where L« is the equatorial ligand (Corrin, etc.) and X is 
the unidentate axial ligand (5,6-dimethylbenzimidazole, H 2 0 or absent, where L 4 is corrin; 
otherwise as stated in the table). 


The following classification and abbreviations are used in the Table. 
Methods ojpreparation (for details see Sections III and IV) 

1. Reactions involving Co(I) 

IA. Substitution 

IB. Addition 

2. Reactions involving Co(II) 

2A. Radicals and Co(II) 

2B. Electron transfer 

3. Reactions involving Co(III) 

3A. Nucleophilic attack on Co(III) 

3B. [RO—Co(L 4 )X] with active hydrogen compounds 
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TABLE III continued 
4. From other organocobalt(III) compounds 
4A. Reactions involving the axial ligand 
4B. Reactions involving the organic ligand 
4C. Reactions involving the equatorial ligand 
4D. Reactions of [R—Co(L 4 )X] with CO, 0 2 , and R'OH. 

Methods of characterization a Infrared spectra 

b Nuclear magnetic resonance spectra 
c UV-visible spectra 
d Elemental analysis 

Ligands 

THF, tetrahydrofuran; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; DPSO, 
diphenyl sulfoxide; en, ethylenediamine; py, pyridine; pic, picoline; lut, lutidine; nic, 
nicotinamide; IMD, imidazole; MelMD, JV-methylimidazole; 1-Cl-nap, 1-chloronaph- 
thyl; acac, acetylacetonyl anion, CHjCOCHCOCHj ; C 4 H 9 0 3 , acetoacetic ester anion, 
CHjCOCHCOOC 2 H s ; C 4 H io N 2 , piperazine; C 7 H 6 N 2 , benzimidazole. 

Where the second axial ligand or counter-anion is not known (e.g., in solution), this is 
indicated by ?. Dinuclear complexes are indicated by the addition of two Co atoms to the 
formula of the ligand, e.g., Co—CH=CH—Co. 

1. L 4 = corrin 


R 

Prep, and characterization" 

CHj to n-C 10 H 21 inch 

1A, c [2A, 3A for R = CH 3 , b for R = CH 3 , and C 2 H 5 ] 

«-c 3 h 7 

1A, c 

CH 3 CH 2 CH(CH 3 ) 

1A, c 

cyclo-C 6 H„ 

1A, c 

c 6 h 5 ch 2 

1A, c 

ch 2 =ch 

1A, IB, b,c 

ch 2 =chch 2 

1A, c 

HC=C 

1A, c 

CoCH 3 (CH 2 ) 2 CH 3 Co 

1A,4B, c 

HOCH 2 CH 2 

1A, c 

HOCH 2 (CHj) 2 CH 3 

1A, c 

CH 3 CH(OH)CH 2 

1A, c 

HOCH 3 CH(OH)CH 3 

1A, c 

BrCH 2 (CH 2 ) 2 CH 2 

1A, c 

C1CH 3 

1A, c 

C1 2 CH 

1A, c 

Br 3 CH 

1A, c 

C1 3 C 

1A, c 

F,C1C 

1A, c 

CF 3 CH 2 

1A, c 

BrCH=CH 

1A, IB,c 

HCF 2 CF 2 

IB, c 

NCCH 2 CH 2 

1A, c 
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TABLE III continued 
1. L 4 = corrin 


R 

Prep, and characterization" 


NHjCHjCHj 

lA,c 



HOOCCHj 

lA,c 



HOOCCHjCHj 

1A, IB, 

c 


HOOCCH=CH 

IB, c 



CHjOOCCH, 

1A, c 



CH 3 OOCH 2 CH 2 

1A, c 



HSOjCHj 

1A, c 



CH 3 CO 

1A, c 



C,H,OCO 

1A, c 



RNHCHjCO 

1A, c 



5-Deoxyadenosyl 

1A, c 



" For a more complete list, and for original sources see ref. (136). 




2. L 4 = porph 


R 

X 

Prep, and characterization 

References 

CH 3 

HjO 

1A, 3A, b,c,d 

33, 56 

CjH 5 

h 3 o 

1A, 3A, b, c, d 

33, 56 

n-C 3 H, 

h 3 o 

3A, b, c, d 

33 

h-C 4 H, 

h 3 o 

3A, b, c, d 

33 

ch 3 =chch 3 

HjO 

3A 

56 

cyclo-C 6 H n 

HjO 

3A 

56 

HOCHjCHj 

h 3 o 

1A, b, c.d 

33,34 

HOCHjCHjCHj 

HjO 

1A, b, c, d 

33,34 

CHjCO 

HjO 

1A, a, b, c,d 

33 

C t H s 

HjO 

3A, c, d 

33, 56 

ro-CH 3 C 4 H 4 

HjO 

3A, b, c, d, 

33 

p-ch 3 c 4 h 4 

HjO 

3A, b, c, d 

33 

3. L 4 = phthal 

R 

X 

Prep, and characterization 

References 

ch 3 

HjO 

1A, c 

54 

ch 3 

CN- 

4A,c 

54 

CjH 5 

— 

1A 

54 

«-c 3 h, 

THF 

1A 

174 

n-C 4 H, 

— 

1A 

54 
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4. L 4 = phthalTS 


R X Prep, and characterization References 


CH 3 — 1A, b,c 54 


R 

X 

Anion 

Prep, and characterization 

References 

CHj 

_ 

PF 6 ~ and Br" 

4A, c 

131 

CH 3 

h 3 o 

PF 6 " and Br" 

4A,c 

131 

ch 3 

py 

PF 6 - and Br" 

4A,c 

131 

ch 3 

(C 6 H 5 ) 3 P 

PF 6 " and Br" 

4A,c 

131 

ch 3 

Br- 

PF S " 

lA.b.c.d 

130, 131 

ch 3 

ch 3 - 

(C 6 H s ) 4 B- 

4A, b 

60 

ch 3 

C 6 HjCH 2 - 

(C t H 5 ) 4 B 

4A 

60 

C 3 H s 

— 

PF 6 " and Br* 

4A, c 

131 

c 3 h 5 

h 3 o 

PF 6 " and Br" 

4A,c 

131 

CjH s 

Br- 

PFr 

1A, b, c, d 

130, 131 

m-C 4 H, 

HjO 

PF 6 - and Br" 

4A, c 

131 

«-c 4 h. 

Br 

PF 6 " 

1A, b 

131 

ch 3 =chch 2 

Br- 

PFj- 

1A 

130, 131 

ch 3 =ch 

Br 

pf 6 - 

1A, a, d 

130, 131 

CICHj 

Br 

pf 6 

1A, c, d 

130, 131 

NCCHjCHj 

Br* 

pf 6 

1A, a, d 

130, 131 

C 6 H S CH 3 

HjO 

PF 6 - and Br‘ 

4A, c 

131 

c 6 h 5 ch 2 

Br- 

PF 6 " 

1A, c, d 

130, 131 

6. L 4 = tim 

R 

X 

Anion 

Prep, and characterization 

References 

ch 3 

Br" 

(C 6 H,) 4 B- 

1A, b 

60 

ch 3 

ch 3 - 

(C 6 H s ) 4 B- 

4A 

60 

ch 3 

c 6 h,ch 2 - 

(C 6 H 5 ) 4 B- 

4A 

60 

7. L„ = (DO)(DOH)en 

R 

X 

Anion 

Prep, and characterization 

References 

CH 3 

HjO 

(C 6 H,) 4 B- 

1A, d 

158 

ch 3 

HjO 

cio 4 - 


117a 

c 2 h 5 

HjO 

(C 6 H,) 4 B- 

1A, d 

158 
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TABLE III continued 
7. L 4 = (DO)(DOH)en 


R 

X 

Anion 

Prep, and characterization 

References 

n-C 3 H 7 

_ 

? 

1A 

147 

n-C 3 H, 

py 

? 

1A 

147 

n-C 3 H 7 

(n-C 4 H,) 3 P 

? 

1A 

147 

n-C 3 H 7 

(CH 3 )jS 

? 

1A 

147 

8. L 4 = (DO)(DOH)pn 

R 

X 

Anion 

Prep, and characterization 

References 

ch 3 

HjO 

cio 4 - 

1A, 3A, d 

39, 46, 158 

ch 3 

HjO 

(C 6 H 5 ) 4 B- 

1A, 3A, d 

39, 46 

ch 3 

h 3 o 

I- 


42 

ch 3 

IMD 

(c 6 h 5 ) 4 b- 

1A, d 

46 

ch 3 

IMD 

pf 6 - 

1A, d 

46 

ch 3 

MelMD 

cio 4 - 

1A, d 

46 

ch 3 

c,h 6 n 3 

cio 4 - 

4A, d 

46 

ch 3 

nh 3 

(C 6 H,) 4 B- 

4A,d 

46 

ch 3 

DMF 

? 


50 

ch 3 

(C 6 H s ) 3 P 

? 

4A 

48 

ch 3 

SCN- 

— 

4A, d 

46 

ch 3 

I- 

— 

4A,d 

39, 42, 46 

ch 3 

ch 3 

— 

1A, 3A, 4A, d 

42,45 

CjHj 

h 3 o 

cio 4 - 

1A, 3A, d 

39, 46, 158 

c 3 h 5 

h 3 o 

(C 6 H S ) 4 B- 

1A. 3A, d 

39, 46 

CjH s 

IMD 

(C 6 H 5 ) 4 B- 

1A, d 

46 

c 3 h 5 

IMD 

PF t - 

1A, d 

46 

c 3 h 5 

MelMD 

CKV 

1A, d 

46 

CjH 5 

C 7 H 6 N 2 

? 

4A 

48 

CjH s 

DMF 

? 


50 

c 3 h 5 

(C 6 H s ) 3 P 

? 

4A 

48 

CjH 5 

I 

— 


39 

n-C 3 H 7 

H 3 0 

CKV 

1A, 3A, d 

46, 147,158 

n-C 3 H 7 

IMD 

(C 6 Hj) 4 B _ 

1A, d 

46 

n-C 3 H, 

c,h 6 n 3 

? 

4A 

48 

n-C 3 H 7 

(C 6 H 5 ) 3 P 

? 

4A 

48 

n-C 3 H, 

(/i-C 4 H,) 3 P 

? 

1A 

48 

HOCHjCH, 

h 3 o 

cio 4 - 

1A, d 

155 

CH 3 CO 

MelMD 

cio 4 - 

1A, a, d 

16 

c 6 h 5 ch 2 

h 3 o 

I- 


42 

c 6 h 5 ch 3 

HjO 

cio 4 - 


42 

c 6 h 5 ch 3 

IMD 

cio 4 - 

2A,d 

46 

C 6 H 5 CH 3 

MelMD 

cio 4 - 

lA,d 

46 
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TABLE III continued 
8. L„ = (DO)(DOH)pn 


R 

X 

Anion 

Prep, and characterization 

References 

C 6 H 3 CH 3 

c,h 6 n 3 

? 

4A 

48 

C 6 H 5 CHj 

(C 6 H 3 ) 3 P 

? 

4A 

48 

c 6 h 3 ch 2 

I" 

— 


42 

C 6 H 5 CHj 

c 6 h 3 ch 2 

— 

1A, 3A, 4A, d 

42 

c 6 h 5 

HjO 

CKV 

d 

46 

c 6 h 5 

IMD 

? 

4A 

48 

c 6 h 3 

C,H 6 N 3 

? 

4A 

48 

C 6 H 3 

DMF 

? 


50 

c 6 h 3 

(C 4 H 3 ) 3 P 

? 

4A 

48 

c«h 3 

I- 

— 

d 

46 

c 6 h 5 

Br 

— 

3A, d 

46 

c«h 3 

ch 3 - 


1A, 4A 

42 



9. L 4 

= (G) 3 


R 


X 

Prep, and characterization 

References 

ch 3 


py 

1A, c, d 

154, 161 

ch 3 


(*-C 4 H,) 3 P 

1A 

147 



10. l 4 = 

(DMG)j 


R 


X 

Prep, and characterization 

References 

ch 3 


_ 

4A, b, d 

80, 161 

ch 3 


HjO 

1A, 4A, b, c, d 

146, 161 

CH 3 


OH- 

4A 

52 

ch 3 


NH 3 

1A, c, d 

154 

ch 3 


py 

1 A, 4A, b, c, d 

146,161, 
163, 164 

ch 3 


IMD 

1A, c, d 

154 

CH 3 


c,h 6 n 3 

1A, c,d 

161 

ch 3 


2-pic 

1A, c, d 

154 

ch 3 


(CH 3 ) 3 N 

4A 

116a 

ch 3 


C 6 H,NHj 

d 

161 

ch 3 


2,4-(CH 3 ) 3 C 6 H 3 NH 3 b 

70a 

CHj 


N 3 - 

4A 

52 

ch 3 


NCS- 

4A 

1, 52, 143 

ch 3 


ch 3 cn 

4A, b 

116a 

ch 3 


(CH 3 0) 3 P 

4A, b, d 

116a, 161 
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TABLE III continued 
10. L 4 = (DMG), 


R 

X 

Prep, and characterization 

References 

ch 3 

(C t H,0) 3 P 


158 

CH 3 

(«-C 4 H,) 3 P 

1A, b, d 

161, 164 

CH 3 

(C 6 Hj) 3 P 

1A, 3A, a, b, c, d 

142, 151, 161 

ch 3 

CN* 


158 

ch 3 

cyclo-C 6 H u NC 

c 

158 

ch 3 

CH 3 NC 

4A, a, b, d 

80 

ch 3 

CO 

4A, a, b 

80 

ch 3 

cr 

4A 

52 

ch 3 

I- 

4A 

52 

ch 3 

SO, 

4A, a, b, c, d 

98 

ch 3 

DMSO 

4A 

116a 

ch 3 

DPSO 

4A 

116a 

ch 3 

S(CHjCH 2 )jO 

4A 

116a 

ch 3 

(CH 3 )jS 

1A, d 

146, 161 

ch 3 

(CjHj)jS 

1A, d 

161 

ch 3 

(C 4 H 5 ) 3 As 

c 

158 

ch 3 

(C 6 H 3 ) 3 Sb 

c 

158 

cd 3 

py 

4A, d 

161 

cd 3 

(C 6 H 5 ) 3 P 

1A, a, b, d 

142 

CjHj 

— 

d 

161 

c 2 h 5 

HjO 

c, d 

161 

CjH 5 

nh 3 

c, d 

154 

c 2 h 5 

py 

lA.a.b.c.d 

161 

CjHj 

IMD 

c, d 

154 

c 2 h s 

c,h 6 n 2 

c, d 

154 

CjHj 

2-pic 

1A 

147 

CjHj 

2,6-lut 

1A 

147 

CjHj 

4CN-py 

1A 

147 

c 2 h 5 

CjHjNHj 

1A 

147 

CjHj 

N 3 - 

4A 

52 

CjHj 

NCS" 

4A 

52 

CjHj 

cyclo-C 6 H |! NH j 

1A 

147 

CjHj 

(C 6 Hj) 3 P 

1A. 3A, a, b, c,d 

151 

CjHj 

(«-C 4 H,) 3 P 

c 

158 

CjHj 

CN- 

1A 

147 

CjHj 

cyclo-CjHuNC 

1A 

147 

CjHj 

(CH 3 )jS 

1A 

147 

CjHj 

(C 6 H 5 ) 3 As 

1A, c 

147 

CjHj 

(C 6 H 5 ) 3 Sb 

1A, c 

147 

h-C 3 H 7 

HjO 

1A, c, d 

161 

m-C 3 H 7 

py 

1A, a, b,c, d 

161 

m-C 3 H 7 

C 7 H 6 Nj 

c 

154 
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TABLE III continued 
10. L 4 = (DMG) 2 


R 

X 

Prep, and characterization 

References 

n-CjH, 

(n-C 4 H,) 3 P 

1A 

147 

n-CjH, 

(C t H 5 ) 3 P 

1A, a, b, c, d 

154 

n-C 3 H, 

cyclo-C t H 1I NC 

c, d 

154 

n-CjH, 

(C 4 H,) 3 As 

c,d 

154 

n-CjH, 

(C 6 H 3 ) 3 Sb 

c, d 

154 

i-CjH, 

HjO 

c 

158 

«-c 3 h 7 

py 

1A, IB, b, d 

68, 161 

i-CjH, 

IMD 

c, d 

154 

1-C3H7 

N 3 - 

4A 

52 

i-CjH, 

NCS- 

4A 

52 

I-C3H7 

(n-C 4 H,) 3 P 

1A 

147 

n-C 4 H, 

HjO 


1 

n-C 4 H, 

py 

1A, 4A, a, b, c, d 

151 

*-C 4 H, 

(n-C 4 H,) 3 P 

1A 

147 

CH 3 CH(CH3)CHi 

HjO 

c, d 

154 

CH 3 CH(CH 3 )CH3 

py 

b, d 

68, 161 

CH 3 CH(CH 3 )CH3 

IMD 

d 

154 

CH 3 CH(CH 3 )CH3 

c,h 4 n 2 

d 

154 

CHjCH 3 CH(CH 3 ) 

(n-C 4 H,) 3 P 

1A 

147 

n-CjHn 

py 

b 

68 

n-CjHn 

(n-C 4 H,) 3 P 

1A 

147 

(CH 3 ) 3 CHCH 3 CH 3 

py 


160 

(CH 3 ) 2 CHCH 2 CH 2 

(«-C 4 H,) 3 P 

1A 

147 

(CH 3 )jCHCH(CH 3 ) 

(»-c 4 h,) 3 p 

1A 

147 

(CH 3 ) 3 CHCHj 

py 

d 

161 

(CH 3 ) 3 CHCHj 

(n-C 4 H,) 3 P 

1A 

147 

«-C 6 H| 3 

py 

d 

161 

n-C 6 Hu 

(n-C 4 H,) 3 P 

1A 

147 

(CH 3 ) 3 CH(CH 3 ) 4 CH 3 

py 

1A 

55 

c 6 h 5 ch 3 

py 

1A, 3A, a, b, d 

142, 151 

C 4 H s CH 2 

y-pic 

2A 

144 

C 4 H s CH 2 

nic 

2A 

144 

c 4 h 5 ch 2 

(C 4 H 5 ) 3 P 

1A, 3A, d 

151, 163 

c 4 h 5 ch 2 

(»-C 4 H,) 3 P 

1A 

147 

p-t-C 4 H,C 4 H 4 CH 2 

(n-C 4 H,) 3 P 

1A 

147 

C 6 H,CH(C 3 H 5 ) 

py 

b, d 

58 

p-CH 3 C 6 H 4 CH(CH 3 ) 

py 

b, d 

58 

c 6 h 5 ch 2 ch 2 

py 

1A, d 

151 

C 4 H s CH(CH 3 ) 

h 2 o 

IB, d 

163 

C 6 H s CH(CH 3 ) 

py 

IB, b, d 

163 

C 6 HjCH(CH 3 ) 

(»-C 4 H,) 3 P 

1A 

147 

(C 6 H s ) 2 CH 

(n-C 4 H,) 3 P 

1A 

147 




370 


J. M. PRATT and P. J. CRAIG 


TABLE III continued 
10. L 4 - (DMG)j 


R 

X 

Prep, and characterization 

References 

CH 2 =CHCH 2 

py 

b 

58 , 175 

CH 3 CH=CHCH 3 

py 

IB, a, b, d 

58 , 161 

CH 2 =CHCH(CH 3 ) 

(m-C„H,) 3 P 

1A 

147 

CH 2 =CH=CH 

py 

1A, a,b 

99 

CH 2 =CH 

py 

1A, IB, d 

151 , 163 

CH 2 =CH 

C 6 HjNH 2 

IB, d 

129 

CH 2 =CH 

(CHjO) 3 P 

4A, d 

129 

c 6 h,ch=ch 

h 2 o 

1A, b, d 

59 , 163 

c 6 h,ch==ch 

py 

1A, b, d 

59 , 129 , 151 

c 6 h 5 ch=ch 

C 6 H s NH 2 

1A, b, d 

59 

C 4 HjCH=CH 

(CH 3 0) 3 P 

4A, b, d 

129 

CHj=CH(C 6 Hj) 

py 

IB, b, d 

59 , 129 

CHj=CH(C 6 Hj) 

(C 2 H s O) 3 P 

4A, b, d 

129 

CHD=CH(C 6 H s ) 

py 

IB, b, d 

129 

c 6 h 5 c=c 

py 

3A, c, d 

151 

Co—CH jCHjCHj—C o 

py 

1A, d 

161 

Co—CH 2 (CH 2 ) 2 CH 2 — Co 

py 

1A, d 

161 , 162 

Co—CH=CH—Co 

HjO 

IB, d 

163 

Co—CH=CH—Co 

py 

IB, d 

163 

C 6 H 5 

py 

3A, c, d 

146 , 151 

c 6 h 5 

(CH 3 ) 3 N 

3A,d 

151 

C 6 H s 

(C 6 H s ) 3 P 

3A,d 

151 

c 6 h 3 

(«-C 4 H,) 3 P 

3A,d 

151 

*>-ch 3 c 6 h 4 

py 

c, d 

154 , 181 

cyclo-C 3 H 5 

(m-C 4 H 9 ) 3 P 

1A 

147 

cyclo-C 4 H, 

(«-c 4 h,) 3 p 

1A 

147 

cyclo-CjH, 

(w-C 4 H,) 3 P 

1A 

147 

cyclo-C 6 Hn 

py 

c, d 

154 

cyclo-C 6 Hn 

(n-C 4 H,) 3 P 

1A 

147 

cyclo-C 2 Hi 3 

(b-C 4 H,) 3 P 

1A 

147 

cyclo-CjH, 5 

(n-C 4 H,) 3 P 

1A 

147 

cyclo-C 6 H,D 4 

py 

b, d 

95 

NCCH 2 

py 

1A, d 

163 

NCCH 2 

(h-C 4 H,) 3 P 

1A 

147 

NCCH 2 CH 2 

py 

1A, IB, c, d 

151 , 163 

NCCH(CH 3 ) 

py 

IB, 4B, b, c, d 

163 

NCCH(CH 3 ) 

c 6 h 5 nh 2 

IB, 4B, d 

163 

NCCH(CH 3 ) 

(«-c 4 h,) 3 p 

IB, d 

163 

NCCH(CH 3 )CH 2 

py 

IB, d 

163 

NCCH(CH 3 )CH 2 

c 6 h 3 nh 2 

1B.4B, d 

163 

NCCH(C 2 Hj) 

py 

IB, d 

163 

NCCH 2 CH(CN) 

py 

IB, b, d 

163 
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TABLE III continued 
10. L, = (DMG)j 


R 

X 

Prep, and characterization 

References 

NCCH 2 CH(CN) 

(n-C 4 H,) 3 P 


159 

NCC(CH 3 ) 2 

py 

IB 

163 

NCCH 2 CH(CH 3 ) 

py 


159 

nccd 2 cd 2 

py 

IB 

159 

cich 2 

— 

4A,d 

163 

cich 2 

H 2 0 

1A, d 

163 

cich 2 

py 

1A, d 

163 

C1CH 2 

(CHj) 2 S 

1A, d 

163 

ich 2 

py 

1A, d 

163 

Br(CH 2 ) 2 CH 2 

py 

1A, d 

161 

C1(CH 2 ) 3 CH 2 

(»-C 4 H,) 3 P 

1A 

147 

Br(CH 2 ) 3 CH 2 

py 

1A, d 

162 

Br(CH 2 ) 3 CH 2 

(»-C 4 H») 3 P 

1A 

147 

1-Cl-nap 

(»-C 4 H,) 3 P 

1A 

147 

cyclo-4-Br-C 4 H 10 

py 

1A, b, d 

95 

/>-FC 4 H 4 CH(CH 3 ) 

py 

IB, b 

58 

P-C1C 4 H 4 CH(CH 3 ) 

py 

IB, b 

58 

p-BrC 4 H 4 CH(CH 3 ) 

py 

IB, b 

58 

C1CH 2 CH(CH 2 0H) 

py 

1A, a, b, d 

142 

ClCH 2 Hg 

h 2 o 

4B 

1 

P-C1C 4 H 4 

py 


181 

CF 3 

py 

1A, c, d 

154,161 

CF 3 CH 2 

py 

1A, a, b, d 

81a 

CF 3 CH 2 

(C 4 H 5 ) 3 P 

1A, a, b, d 

81a 

CF 3 CH=CH 

py 

IB, b.d 

129 

cf 3 ch=ch 

(CH 3 0) 3 P 

4A, b, d 

129 

hoch 2 ch 2 

HjO 

1A, d 

162 

hoch 2 ch 2 

py 

1A, b, d 

129, 162 

hoch 2 ch 2 

c,h 4 n 2 

4A, d 

162 

HOCH 2 CH 2 

(C 4 H,) 3 P 

4A,d 

162 

HOCH 2 CH 2 

(n-C 4 H,) 3 P 

1A 

147, 162 

hoch 2 ch 2 ch 2 

py 

1A, IB, d 

162 

HOCH(CH 3 )CH 2 

py 

1A, d 

69, 162 

HOCH 2 (CH 2 ) 2 CH 2 

py 

1A, d 

162 

cyclo-2—HO—C 4 H 10 

py 

1A, b, d 

95, 162 

HOCH(h-C 6 H 13 )CH 2 

py 

1A, d 

162 

HOCH 2 CH(OH)CH 2 

py 

1A, d 

162 

HOCH(C 4 H 5 )CH 2 

py 

1A, d 

162 

HOCH 2 CH(CH 3 ) 

? 


162 

HOCH 2 CH(C 4 H 3 ) 

py 

1A, b, d 

129 

HOC(CH 3 )jCH 2 

py 

1A, d 

155 

HOCD 2 CH(C 4 H s ) 

py 

1A, b, d 

129 
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TABLE III continued 
10. L 4 = (DMG)j 


R 

X 

Prep, and characterization 

References 

HOCH(CH 3 )CD 2 

py 


155 

ch 3 och 2 

(n-C 4 H,) 3 P 

1A 

147 

CH 3 OCH 2 CH 3 

? 


163 

ch 3 och 2 ch 3 

py 


69 

C 2 H s OCH 2 CH 2 

py 

1A, 3A, b, d 

162 

(CH 3 0) 3 CHCH 2 

py 

1A, d 

163 

hoch 2 ch=ch 

py 

IB, b,d 

59 

HOCH 2 C=CH 2 

py 

IB, b, d 

59 

p-CH 3 OC 6 H 4 

py 

3A, c, d 

151, 154 

2-CHjOC 6 H,o 

py 

1A, b, d 

95 

ch 3 co 

MelMD 

1A, a, d 

16 

c 6 h 5 co 

(n-C 4 H,) 3 P 

1A, d 

163 

CH 3 COCH(CH 3 ) 

py 

IB, a, b, d 

163 

CH 3 COCHj 

py 

IB, a, b, d 

163 

C 6 H 5 COCH 2 

py 

1A, d 

163 

OHC—CHj 

py 

4B, c, d 

163 

NHjCOCH; 

(»-C 4 H,) 3 P 

1A 

147 

CHjCOOCjHj 




1 

h 2 o 

IB, d 

163 

CH(COOC 3 H 5 ) 




CHjCOOCjHj 




1 

py 

IB, d 

163 

CH(COOC 2 H s ) 




CH 3 OOCCH(CH 3 ) 

HjO 

IB, d 

163 

CH 3 OOCCH(CH 3 ) 

py 

IB, d 

163 

CH 3 OOCCH(CH 3 ) 

(n-C 4 H,) 3 P 

IB, d 

163 

CH 3 COOCH(CH 3 ) 

py 

IB, d 

163 

CH 3 OOCCH 2 CHj 

py 

IB, d 

163 

CH 3 OOCCH 2 CH 2 

(n-C 4 H,) 3 P 

4A, d 

163 

C 2 H 5 OOCCH 2 CH 2 

py 

IB, d 

163 

C 2 HjOOCCH(CH 3 ) 

h 2 o 

b 

163 

C 2 H s OOCCH(CH 3 ) 

py 

IB, d 

163 

C 2 H s OOCCH(CH 3 ) 

NHj 

4A,d 

163 

CH 3 OOCCH(CH 3 )CH 2 

py 

IB, d 

163 

C 2 H 5 OOCCH(CH 3 )CH 2 

py 

1A, d 

163 

ch 3 oocch 2 

py 

1A, a, b, c, d 

142, 163 

Ch 3 oocch 2 

c 7 h 6 n 2 

4A,d 

163 

CH 3 OOCCH 2 CH(CH 3 ) 

— 

d 

163 

CH 3 OOCCH 2 CH(CH 3 ) 

py 

1A, d 

163 

CH 3 OCO 

py 

4D, d 

44 

C 2 H 5 OOCCH=CH 

h 2 o 

IB, d 

163 

c 2 h 5 ooch=ch 

py 

1A, a, b, d 

59, 163 
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TABLE III continued 
10. L* = (DMG)j 


R 

X 

Prep, and characterization 

References 

CjHjOOCCH=CH 

CHCOOCHj 

(C,H 5 0)jP 

4A, b, d 

129 

II 

C(COOCHj) 

CHCOOCHj 

py 

IB, a, b, d 

129 , 163 

C(COOCHj) 

(CH 3 0) 3 P 

4A, b, d 

129 

C 2 H 5 OOCCH=C(CHj) 

py 

IB, a, b, d 

129 

CjH 5 OOCCH=C(CHj) 

C 6 H 5 NHj 

IB, a, b, d 

129 

CjH 5 OOCCH=C(CHj) 

(CHjO)jP 

4A, b, d 

129 

CHjOOCCH=CH 

py 

1A, IB, a, b,d 

59 

HOOCCHj 

— 


164 

HOOCCHj 

py 

4B,d 

163 

HOOCCH(CHj) 

— 


163 

HOOCCH(CHj) 

HjO 

IB, d 

163 

HOOCCH(CHj) 

py 

IB, 4A, a, b, d 

163 

HOOCCHjCHj 

— 


163 

HOOCCHjCHj 

CHjCOOH 

py 

4B, a, d 

163 

1 

CHCOOCjH, 

CHjCOOH 


4B 

163 

1 

CHCOOCjH, 

py 

4B, d 

163 

OOCCHj 

(n-C 4 H,) 3 P 

1A 

147 

Adenosyl 

HjO 

1A 

155 

Adenosyl 

2',3'-Di-0-acetyl-5'- 

py 

1A, c, d 

155 , 183 

deoxyadenosyl 

2',3'-Isopropylidene-5'- 

py 

1A, a 

142 

deoxyadenosyl 
Dihydrouridyl and 

py 

1A 

155 

derivatives 

Dihydrouridyl and 

py 

IB 

18 

derivatives 

(C 6 Hj) 3 P 

IB 

18 
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TABLE III continued 
11. L 4 = (DPG) 2 


R 

X Prep, and characterization 

References 

ch 3 

HjO 

1A, c 

154 

CH 3 

NH, 

1A, c 

154 

CH 3 

py 

1A, c 

154, 158 

CHj 

IMD 

1A, c 

154 

CH 3 

C 7 H 4 Nj 

1A, c 

154 

ch 3 

(*-C«H,) 3 P 

lA,c 

154 

ch 3 

(C 4 Hj) 3 P 

1A, c 

154 

ch 3 

cyclo-C 6 H„NC 

1A, c 

154 

ch 3 

CN- 

1A, c 

154 

CjH s 

HjO 

1A, c 

154 

CjHj 

NH 3 

1A, c 

154 

c 2 h 5 

py 

1A, c 

154 

CjHj 

piperidine 

lA,c 

154 

CjHj 

(CjHj) 3 N 

1A, c 

154 

CjHj 

c 6 h 5 nh. 

1A, c 

154 

C 3 H s 

IMD 

lA,c 

154 

c 2 h 5 

c,h 6 n 2 

1A, c 

154 

CjHj 

CH 3 CN 

1A, c 

154 

h-C 3 H, 

py 

1A 

147 

n-C 3 H, 

(«-C 4 H,) 3 P 

1A 

147 

n-C 3 H, 

(CH 3 ) 2 S 

1A 

147 

Dihydrouridyl and "1 

py 

IB 

18 

derivatives J 

(C 6 H,) 3 P 

IB, a, b, c, d 

18 

C 6 HjCHj 

py 

2A 

144 



12. L 4 

- (DMPG)j 


R 

X 

Prep, and characterization 

Reference 

CjHjCHj 

py 

2A 

144 


13. L 4 

= (DNPG) 2 


R 

X 

Prep, and characterization 

Reference 

C 6 H 5 CHj 

py 

2A 

144 
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TABLE III continued 
14. L 4 = (CPD)j 


R 

X 

Prep, and characterization 

References 

n-CjH, 

_ 

1A 

147 

n-CjH, 

py 

1A 

147 

n-C 3 H, 

(«-C 4 H,)jP 

1A 

147 

n-CjH, 

(ch 3 ) 2 s 

1A 

147 


15. L 4 

= (CHD) 2 


R 

X 

Prep, and characterization 

References 

ch 3 

py 

1A, 4C, c, ’d 

154,161 

«-c 3 h, 

— 

1A 

147 

«-c 3 h, 

py 

1A 

147 

«-c 3 h, 

(«-C 4 H,) 3 P 

1A 

147 

«-c 3 h, 

(CH 3 ) 2 S 

1A 

147 

16. L 4 = (DMG - BF 2 )j 

R 

X 

Prep, and characterization 

References 

ch 3 

_ 

4C 

147 

ch 3 

h 2 o 

4C, d 

161 

ch 3 

py 

4C, d 

161 

CjH, 

— 


147 

C 2 H 3 

h 2 o 


158 

CjH, 

py 


158 

n-C 3 H, 

h 2 o 


158 

HOCHjCH, 

— 

1A 

155 

HOCHjCH, 

py 

1A 

155 


17. l 4 

, = BAE 


R 

X 

Prep, and characterization 

References 

ch 3 

_ 

3A, b, c, d 

49 

CH 3 

HjO 

1A, 2A, 3A, d 

40,49 

ch 3 

en 

4A 

49 

ch 3 

py 

4A, b, d 

40,49 
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TABLE III continued 
17. L 4 = BAE 


R 

X 

Prep, and characterization 

References 

ch 3 

4CN-py 

b 

83 

CH 3 

4Me-py 

b 

83 

ch 3 

piperidine 

b 

83 

ch 3 

c,h 4 n 3 

4A, d 

40 

ch 3 

CsHjCHjNHj 

4A 

49 

[CH 3 Co" , (BAE)NH j CH 3 -] j 

— 

4A,d 

40 

ch 3 

(C 4 H 3 ) 3 P 

b 

83 

c 3 h 5 

— 

3A,b,c,d 

49 

c 3 h 5 

HjO 

1A, 3A, d 

40,49 

CjH 5 

py 

4A, b, c 

40, 49, 
83, 131 

c 3 h s 

en 

4A 

49 

CjH 5 

C 6 H s CHjNH 2 

4A 

49 

n-C 3 H 7 

— 

4A, c, d 

40 

n-C 3 H, 

HjO 

1A, d 

40 

n-C 3 H, 

py 

4A, c 

40 

CHj=CH 

— 

1A, IB, 4A, b, c, d 

40 

CHj=CH 

py 

4A, b, c, d 

40, 83 

CHj=CH 

DMF 


50 

Co—CH jCHj—C o 

py 

c 

40 

Co—CH 3 (CHj)jCHj—C o 

— 

1A, c,‘d 

40 

Br(CHj) 3 CH 3 

— 

4A, c, d 

40 

Br(CH 3 ) 3 CH 3 

HjO 

1A, d 

40 

NCCHjCHj 

— 

IB, c, d 

40 

NCCHjCHj 

py 

4A, c, d 

40 

CH 3 CO 

— 

1A, a, c, d 

40 

ch 3 co 

py 

4A, a, c, d 

40 

CHjOCO 

h 2 o 

4D, d 

44 

C 3 F 5 

HjO 

1A 

174a 

C 6 H s 

— 

3A, b, c, d 

49, 82, 83 

c 6 h 5 

HjO 

3A,d 

49 

C 6 H s 

py 

3A, b, d 

49 

c 6 h 5 

D’py 


82 

c 6 h 5 

piperidine 


82 

C 6 H s 

C 7 H t N 2 

4A,d 

40 

c 6 h, 

en 

4A 

49 

[C 6 H 5 Co'"(BAE)NH 2 CH 3 -] 

2 — 

4A, d 

40 

[C 6 H 5 Co , "(BAE)] 2 C 4 H,„N 3 

— 

4A, d 

40 

c 6 h 5 

c 6 h 5 ch 2 nh 2 

4A,d 

49 

/>-ch 3 c 6 h 4 

— 

b 

82 

/>-ch 3 c 6 h 4 

D 5 py 

b 

82 

/>-BrC 6 H 4 


b 

82 
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TABLE III continued 


17. L 4 = BAE 


R 

X 

Prep, and characterization 

References 

p-BrC 6 H 4 

D’py 

b 

82 

p-BrC 6 H 4 

piperidine 

b 

82 

p-IC 6 H 4 

— 

b 

82 

p-ic 6 h 4 

D 5 py 

b 

82 

p-ic 6 h 4 

piperidine 

b 

82 

/>-NCC 6 H 4 

— 

b 

82 

p-ncc 6 h 4 

D 5 py 

b 

82 

p-ncc 6 h 4 

piperidine 

b 

82 

P-NOjC 6 H 4 

— 

b 

82 

/)-NOjC 6 H 4 

D 5 py 

b 

82 

/>-NOjC 6 H 4 

piperidine 

b 

82 

p-ch 3 oc 6 h 4 

— 

b 

82 

/>-CH 3 OC 6 H 4 

D 5 P y 

b 

82 


18. L 4 

- tfen 


R 

X 

Prep, and characterization 

References 

CHj 

_ 

4C, b 

174a 

CHj 

HjO 

1A 

174a 

CjH s 

— 

4C,b 

174a 

CjHj 

HjO 

1A 

174a 


19. L 4 

i = salen 


R 

X 

Prep, and characterization 

References 

CHj 

_ 

4A, b, c, d 

26, 43, 




47,64 

CHj 

HjO 

1A, 3A, a, b, c, d 

26, 37, 
43, 47, 64 

CHj 

NHj 

4A, c, d 

47 

CHj 

py 

1A, 3A, a, b, c, d 

47,64 

CHj 

C,H t N, 

3A, c, d 

47 

CHj 

DMF 


50 

CjHj 

— 

1A, 3A, b, c, d 

43,47 

CjH, 

NHj 

4A 

158 

CjHj 

py 

3A, c, d 

47, 64 

CjHj 

DMF 


50 
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TABLE III continued 
19. L 4 = salen 


R 

X 

Prep, and characterization 

References 

n-C 3 H 7 

_ 


147 

n-C 3 H 7 

HjO 

lA,3A,c, d 

43, 47 

M-C3H7 

nh 3 

4A 

47 

n-C 3 H 7 

py 

3A, c 

47 

i-CjH, 

h 3 o 

1 A, d 

158 

i-CjH, 

py 

1A, b, d 

64 

n-C 4 H, 

HjO 

3A, c, d 

47 

n-C 4 H, 

nh 3 

4A 

47 

n-C 4 H, 

py 

1A, 3A, b,c, d 

47, 64 

CH 3 CH(CH 3 )CH 3 

HjO 

1A, d 

158 

c 6 h 5 ch 3 

py 

lA,b,d 

64 

ch 3 =ch 

h 3 o 

1A, IB, c, d 

43 

CHj=CH 

py 

4A, c, d 

43 

CH a =CH 

DMF 


50 

C 6 H 3 

— 

4A, c, d 

47 

C 6 H s 

HjO 

3A, b, c, d 

47 

c 6 h 5 

nh 3 

4A, d 

47 

c 6 h 5 

py 

3A, c, d 

47, 64 

C 6 H s 

DMF 


50 

p-CH 3 C 6 H 4 

HjO 


128 

NCCHj 

CHjOH 


30 

NCCHjCHj 

HjO 

1A, IB, c,d 

43 

NCCHjCH, 

py 

4A, c, d 

43 

(NC)jCH 

polymeric 

3B 

4 

(NC)jCH 

HjO 

3B 

4 

(NC)jCH 

py 

3B 

4 

CICHj 

HjO 

1A, d 

158 

BrCH 3 (CH 3 ) 3 CH 3 

HjO 

1A, c, d 

43 

«-c 3 f, 

— 

4B 

174 a 

c 6 f s 

py 

1A, d 

53 

c 6 f 5 

SOj, dimeric 

4A 

53 

HOCHjCH, 

— 

1A, d 

155 

HOCHjCHj 

HjO 

1A, d 

155 

o 3 nch 3 

HjO 

3B, c,d 

16 

ch 3 coch 3 

CH 3 OH 

3B, a, c, d 

16 

p-o 3 nc 6 h 4 ch 3 

MelMD 

2B 

118 

ch 3 co 

— 

1A, a, b, c, d 

17, 43 

ch 3 co 

HjO 

1A, a, c, d 

37 

ch 3 co 

py 

1A, a, b, c, d 

43, 64 

CjHjCO 

— 

1A, a, b, c, d 

17 

>-C 3 H 7 CO 

HjO 

1A, a, b,c,d 

17 

C 6 H s CH 2 CO 

HjO 

1A, a, b, c, d 

17 
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TABLE III continued 
19. L 4 = salen 


R 

X 

Prep, and characterization 

References 

CH3OCO 

HjO 

1A, 4D, a, c, d 

37, 38, 




43,44 

CH 3 OCO 

py 

4A, c, d 

43 

CjH 5 OCO 

HjO 

1A, 4D,c, d 

38, 43, 44 

C 2 H s OCO 

py 

4A, c, d 

43 

i-C 3 H,OCO 

HjO 

4D, c, d 

38,44 

c 6 h 9 o 3 

— 

3B, c, d 

16 

acac 

— 

3B, c, d 

16 



20. L 4 

= 7-Me-salen 


R 

X 

Prep, and characterization 

References 

CH 3 

_ 

1A, d 

16 

CjH 5 

— 

1A, d 

16 

CHjCOCHj 

— 

3B,d 

16 

OjNCHj 

CH30H 

3B,d 

16 

c 6 h,o 3 

— 

3B,d 

16 

acac 

— 

3B,d 

16 

CHj=CH 

— 

IB, d 

16 

ch 3 =ch 

DMF 


50 

CHjCO 

— 

1A, a, d 

16 

CH 3 OCO 

h 2 o 

lA,d 

16 

c 6 h, 

— 

1A, d 

16 

/>-o 3 nc 6 h 4 ch 3 

MelMD 

2B 

118 



21. L 4 

= 7-Ph-salen 


R 

X 

Prep, and characterization 

Reference 

CH 3 OCO 

HjO 

4D 

44 
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TABLE III continued 


22. L« = saloph 


R 

X Prep. 

and characterization 

References 

CHj 

_ 

1A, a, b, d 

16 

CHj 

HjO 

1A, b, d 

16 

CH 3 

THF 

1A, b 

16 

CHjCO 

— 

1A, a, b, d 

16 

CHjCO 

HjO 

1A, a, b,d 

16, 17 

CHjOCO 

HjO 

1A, 4D, d 

16,44 

OjNCHj 

HjO 

3B,d 

16 

C 6 H 5 

HjO 


16 

P-NCC s H 4 CHj 

HjO 

2A, d 

119 

P-NCC 6 H 4 CHj 

MelMD 

2A 

119 

*>-ncc 6 h 4 ch. 

(n-C 4 H,)jP 

2A 

119 

/>-NCC 6 H 4 CHj 

(C 6 H 5 )jP 

2A 

119 

P-OjNC 6 H 4 CHj 

IMD 

2B 

118 

/)-OjNC 6 H 4 CHj 

MelMD 

2B 

118 

P-OjNC 6 H 4 CHj 

C 6 H,CHjNH 2 

2B 

118 

0-OjNC»H 4 CHj 

IMD 

2B 

118 

23. L 4 = 4-Cl-saloph 

R 

X 


Reference 

f>-0 3 NC t H 4 CH 3 

IMD 


118 

24. L 4 = napsalen 

R 

X Prep, at 

d characterization 

Reference 

CHjCO 

HjO 

1A, a, c, d 

17 

25. L 4 = napsaloph 

R 

X Prep, a 

nd characterization 

Reference 

CHjCO 

anhydrous 

1A, a, c, d 

17 
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TABLE III continued 
26. L 4 = salpn-1,3 


R 

X 

Prep, and characterization 

References 

ch 3 

h 2 o 

1A, d 

158 

CjH 5 

h 2 o 

1A, d 

158 

CHjOCO 

h 2 o 

4D,d 

44 


27. 

L 4 = salpn-1,2 


R 

X 

Prep, and characterization 

Reference 

CH(CN)j 

py 

3B,d 

4 

28. Pentacyanide Complexes 

R 

Prep, and characterization 

References 

ch 3 


1A, a, b, d 

74, 109 

C 2 H s 


1A, a, b 

74, 109 

n-C 3 H, 


1A, a, d 

74, 109, 110 

i-CjH, 


1A, a 

108 

n-C„H, 


1A, a, b 

109 

CH 3 CH(CH 3 )CH 2 


1A, a 

109 

(CH 3 ) 3 CHCH 2 


1A, a, b 

108 

c 6 h 5 ch 2 


1A, a, b, d 

32, 74, 109, 110 

c 6 h 5 ch 2 ch 2 


1A, a 

105 

C 6 H s C(CH 3 ) 2 CH 2 


1A, a 

108 

p-ch 3 c 6 h 4 ch 2 


1A, a 

105 

cyclo-CjHj 


1A, a 

105 

ch 2 =ch 


IB, a,d 

109 

ch 3 ch=ch 2 


IB 

105 

ch 2 =chch 2 


1A, a, b 

109-111 

ch 3 ch=chch 2 


1A, IB, a, b 

108-111 

ch 2 =c=ch 


1A, a 

105 

c 6 h 5 ch=ch 


IB 

105 

CH 2 =CH(C 6 H s ) 


IB, a, b 

105 

Co—CH=CH—Co 


a, b, d (see Section IV,C,2) 

70 

CH==C 


a (structure not established, see 




Section IV,C,2) 

105 

c 6 h 5 


1A (from C 6 H 5 N 2 C1), a 

110 

C1CH 2 CH 2 


1A, a 

105 
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TABLE III continued 


28. Pentacyanide Complexes 


R 

Prep, and characterization 

References 

ICHjCHj 

1A, a 

32 

ICHjCHjCHj 

1A, a 

32 

ICHjCCHjIjCHj 

1A, a 

32 

ICH 3 (CH 3 ) 3 CH 2 

1A, a 

32 

p-BrC 6 H 4 CH 2 

1A 

32 

p-N0 2 C 6 H 4 CH 2 

1A 

32 

HOCHjCHj 

1A, a,b 

105 

HOCH 3 CH=CHCHj 

1A, a 

105 

CjH s OCHjCH 2 

1A, a 

105 

(C 3 H s O)jCHCHj 

1A, a 

105 

*>-ch 3 oc 6 h 4 ch 2 

1A, a 

105 

p-CH 3 OCH 2 C 6 H 4 CH 2 

1A, a 

105 

NCCHj 

1A, a, b, d 

109 

NCCHjCHj 

1A, a, b, d 

105 

NCCH(CH 3 ) 

1A, IB, a, b, d 

108-110 

NCC(CHj) 3 

1A, IB, a, b 

108 

NCCH(C 6 H s ) 

1A, a, b 

108 

NCCH(CjH 5 ) 

IB, a 

105 

NCCH(CHjC 6 H 5 ) 

IB, a 

105 

l-NC-cyclo-C 6 H| 0 

IB, a, b 

105 

p-NCC 6 H 4 CH(CH 3 ) 

IB, a 

108 

CHjCOCHj 

1A, a 

105 

CH 3 COCH(CH 3 ) 

1 A, IB, a, b 

105 

c 6 h 5 coch 2 

1A, a, b, d 

109, 110 

C 6 HjCOCH(CH 3 ) 

1A, IB, a, b 

109,110 

Oxonorbornyl 

IB, a, c 

105 

NHjCOCHj 

1A, a 

75 

OOCCHj 

1A, a, b 

75 

0OCCH(CH 3 ) 

1A, IB, a, b 

75, 105 

OOCCH(CHjCOO) 

1A, a 

75 

OOCCHjCHj 

1A, a 

75 

p-Oocc 6 h 4 ch 3 

1A, a 

75 

OOCCH=C(C 6 H,) 

IB, a, b 

105 

OOCCHDCH(COO) 

IB, b 

94 

OOCCH(CHDCHj) 

IB, b 

94 

CH 3 OOCCH 3 

1A, a 

75 

CH 3 OOCCH(CH 3 ) 

1A, IB, a,b 

105 

CH 3 OOCCH 3 CHj 

1A, a,b 

75, 105 

CH 3 OOCC(CH 3 ) 2 

IB, a 

105, 108 

ROOCCH 2 CH(COOR) 

IB, a 

105 

c,h 4 nch 3 

ortho-lA, b, c, d; met! 

a-lA, b, c, d; 


para-lA, a, b, c, d 

100, 101 
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TABLE III continued 
28. Pentacyanide Complexes 


R 

Prep, and characterization 

References 

C 5 H 4 NHCH, 

ortho-1 A, a, b, c; meta-lA, a, b, c; 
para-lA, a, b, c 

100, 101 

C 3 H 4 N(CHCH 3 ) 

ortho-lA, IB, a, c 

102,105, 
108 

C 5 H 4 Nft(CHCH 3 ) 

ortho-lA, c 

102 

C 5 H 4 N 

ortho-lA, a, b, c, d 

75 

c,h 4 nh 

ortho-1A 

9 

HCFjCFj 

IB, a, b, d (see Section IV,C,2) 

120-122 

Co—CF jCFj—C o 

a, b, d (see Section IV,C,2) 

121,122 

Co—C—S—Co 

2, a, c, d (see Section IV,C,2) 

5, 125 


S 


29. Other Cyanide Complexes 


Complex 

Prep, and characterization 

References 

[CH j Co(CN) 4 (CNH)] 1 - 

4, c 

101 

[CHjCCo(CN) 4 ] j - 

4, b, c 

101 

NH 

[CHjCCo(CN) 4 ] j - 

II 

4, b, c 

101 

c> 

[C 5 H 4 NHCH 2 Co(CN) 4 (CNH)]- 

ortho-4, b, c; meta-4, b, c; 



para-4, b, c 

101 

[C s H 4 NHCHjCo(CN) 4 (HjO)]- 

ortho-4, a, b, c; meta-4, a, b, c; 



para-4, c 

101 

[C s H 4 NHCH 2 CCo(CN) 4 ]- 

ortho-4, a, b, c, d; meta-4, a, b, c, d; 


11 

para-4, a,b, c, d 

101 

x NH 

[C 5 H 4 NHCHjCCo(CN) 4 ]- 

ortho-4, c; meta-4, c; 



para-4,c 

101 

o 

[C 5 H 4 NHCH(CH 3 )Co(CN) 4 (H 2 0)]- 

ortho-4 

102 

[C 5 H 4 NHCH(CH 3 )Co(CN 4 )(CNH)]- 

ortho-4, c 

102 

[C 5 H 4 NHCH(CH 3 )CCo(CN) 4 ]- 

II 

ortho-4, c, d 

102 

NH 

C 5 H 4 NHCH(CH 3 )CCo(CN) 3 (CNH)] 

ortho-4 

102 

NH 
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A. Corrinoids 

Corrinoid complexes are almost exclusively cobalamins (in aqueous 
solution) carrying H-bonding amide side chains. The most common method 
of preparation is the reaction of the Co(I) derivative with electrophilic 
reagents, usually alkyl or substituted alkyl halides. Substitution of the 
axial ligand, X, in solution has been carried out to prepare complexes with 
a wide range of axial substituents, e.g., CN~, imidazole, N 3 - . The Grignard 
route represents a fairly minor method of synthesis for these compounds. 
After the alkylation has been carried out, the organocobalt(III) complexes 
are extracted, usually from aqueous media into a phenol-chloroform solu¬ 
tion. This separates inorganic impurities from the corrinoid complexes. The 
organo-corrinoids are then displaced back into aqueous solution again by 
the addition of acetone to the phenol-chloroform mixture. Chromatographic 
techniques including paper, thin-layer and ion-exchange methods are then 
used to separate the corrinoids from each other. Where there are mixtures of 
complexes present which differ only in the number of carboxylic acid side 
chains, electrophoresis may be used. The corrinoids may be removed from 
aqueous solution by freeze-drying, provided the axial ligand is stable to 
substitution. The solid material obtained, however, is not crystalline. 

It is not possible unequivocally to establish the structure of a corrinoid 
by methods such as nuclear magnetic resonance, infrared spectroscopy, or 
elemental analysis because these molecules are so complex that spectra 
cannot be definitively interpreted and assigned, and chemical analysis 
would, for example, not detect with certainty an organocobalt methyl group 
in the presence of such a large amount of carbon and hydrogen in the com¬ 
plex, Paper and thin-layer chromatography are often used to establish the 
identity of an unknown corrinoid by comparison with a known one. X-ray 
analysis is the only absolute method for these compounds, and comparison 
through UV-visible spectra or reactivity with known structures often is the 
best approach possible (136). Occasionally spectroscopic methods may give 
a more positive identification than usual; e.g., the infrared spectrum can 
provide evidence for the presence of the HC=C moiety (97). The presence 
of the grouping CH 3 Co or C 2 H 3 Co can be proved fairly simply by NMR 
spectroscopy (88, 35, 20). 

The most convenient route for introducing organo-ligands which do not 
contain strongly nucleophilic groups (e.g., -SH or -NH 2 ), is from the 
organic halide (Section l,a, below); in most cases -SH and -NH 2 groups 
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may be prepared by ring-opening reactions. These ring-opening reactions 
offer interesting possibilities of synthesizing organocorrinoid derivatives 
not accessible by other routes. So far these opportunities have been little 
explored. 

For a detailed list of references see ref. (136). 

1. Nucleophilic Attack by Co(I) 

a. Substitution. The alkylation is usually carried out by reduction of a 
cobalt(III) species to cobalt(I) using, e.g., sodium borohydride, or zinc and 
acetic acid or NH„C1. These reagents convert the red cobalt(III) complexes 
to the green cobalt(I) species. The cobalt(III) species may be B 12 , B 12a (the 
hydroxy derivative) or cyano(aquo)cobinamide. The cobalt(I) species is 
then treated with the alkylating agent in the presence of an excess of the 
reducing agent. The alkylation can be easily followed by noting the color 
change from green to red and is usually rapid. The yields vary from almost 
quantitative to quite low because of continued reaction. Some organic 
ligands (e.g., HC=C, CF 3 CH 2 ,andH0 3 SCH 2 ) are cleaved by borohydride, 
and so this reducing agent should in these cases be replaced, e.g., by Cr(II). 
Other problems have included alkylation on the side of the cobalt ring system 
where benzimidazole is usually coordinated, producing the 1-isomer rather 
than the normal u-isomer (see Section II,B,3). In addition, the electro¬ 
philic reagent may react in more than one way, e.g., bromoacetylene may 
give CoC=CH or CoCH=CHBr (97). 

Details of the organic groups which have been attached to cobalt in this 
way are given in Table III, 1. Almost all the work has been done with the 
cobalamins, but there is probably little difference in the behavior of 
[Co'(cobin)] - and [Co‘(cobal)]~. The Table includes only those examples 
where there is some definite evidence of an organocobalt(III) species. 
We have not included references to reagents reported not to react with 
[Co'(corrin)] - because in many cases this simply means that no organo- 
metallic species have been detected. It does not necessarily mean that no 
reaction has taken place. The usual alkylating agents include organic 
halides, carboxylates, sulfates, and tosylates. Diazomethane and trialkyl- 
sulfide derivatives have also been used. No reaction has been detected with 
tertiary halides, aromatic halides, or fluorocarbons such as CHF 3 . 

b. Addition to Unsaturated Compounds. [Co^corrin)] - will add to olefins 
which are activated by various substituents (e.g., fluorine atoms, or carboxy¬ 
lic acid groups), to acetylene, and to substituted acetylenes which are not 
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obstructed by bulky substituents at each end (e.g., C 6 H 5 C=CCOOH). 
Details of organocobalt(III) compounds formed by this route are given in 
Table III,1. 

2. Reactions Involving Co(II) 

This process has not been used for preparative purposes. The mechanistic 
implications are discussed in Section III,B. 

3. Nucleophilic Attack on Co(III) 

A methyl group can be placed on cobalt in dicyano[cobyrinic acid 
heptamethyl ester] when it is treated with excess methyl magnesium iodide 
(the ester side chains being converted into tertiary alcohol groups). The 
alkylation could also be achieved using lithium alkyls (176). Presumably 
this reaction would be successful with any corrinoid which is soluble in 
solvents compatible with Grignard reagents. 

4. Other Reactions 

Methyl iodide will react with vitamin B, 2a in the presence of thiols or 
sulfide to produce methylcobalamin (56). 

B. Other Macrocyclic Complexes 

1. Nucleophilic Attack by Co(I) 

a. Substitution. The Co 1 complex is usually generated by reduction of 
complexes of the type [Co ,u (L 4 )BX] [Co ,n (L 4 )B 2 ] or [Co n (L 4 )] (where 
B may be Ph 3 P or pyridine, and X may be a halide ion usually bromide) 
(43,40). [CHjCo(salen)] has been reduced by sodium amalgam or Grignard 
reagent to [Co‘(salen)]~ (64). [Co in (salen)I] can be reduced by a fourfold 
excess of Grignard reagent to yield MgX + [Co'(salen)] - , but [Co"(salen)] 
may be reduced to the above derivative using only equimolar quantities of 
Grignard reagent (64, 26). Using [Co n (salen)] it was found that longer 
reaction times and excess sodium amalgam caused the addition of a second 
electron to the system, producing an isolable disodium derivative (64). 
Reduction of [Co m (porph)pyBr] using Adams catalyst produced only the 
Co 11 derivative (96), but it was eventually found possible to reduce 
[Co"(porph)] to [Co‘(porph)]~ using 15% sodium amalgam (33). Com¬ 
pounds of the neutral ligand CR, [Co n (CR)Br 2 ] and [CH 3 Co(CR)Br] + 
may be reduced to [Co'(CR)Br]° and [CHjCo^CR)], respectively, using 
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sodium borohydride in methanol or, preferably, sodium amalgam in 
acetonitrile (60, 130). Complexes of the uninegative ligand (DO)(DOH)pn 
may be reduced by sodium borohydride in methanol-water to give Co 1 species 
(characterized by their blue color), e.g., [Co{(DO)(DOH)pn}X 2 ] is reduced 
to [Co'{(DO)(DOH)pn}] (46). Reduction of [RCo{(DO)(DOH)pn}I] 
by carbon monoxide in aqueous alkaline tetrahydrofuran produces a 
green cobalt(I) species, which reacts with alkyl halides to produce trans- 
[R 2 Co{(DO)(DOH)pn}] (42). It appears that the reduced species still 
has the original alkyl group attached to the cobalt atom; reduction of 
[C 6 H 3 Co{(DO)(DOH)pn}] in the presence of CH 3 I produces [C 6 H S (CH 3 )- 
Co{(DO)(DOH)pn)], a mixed-ligand complex. [Co”(phthal)] can be 
reduced to the Co 1 derivative by an excess of dilithium benzophenone in 
tetrahydrofuran (174), and its solution in dimethylacetamide containing 
2\% pyridine can also be reduced by hydrazine, sodium borohydride, 
or sodium sulfide (54). Aqueous solutions of [Co"(phthalTS)] can be 
reduced by borohydride, hydrazine, sodium sulfide, cysteine, zinc, and 
titanium(III) ions (25, 54, 104). 

In work on DMG complexes NaBH 4 has been much used. Reduction 
of Co(II) derivatives is usually the most convenient route as they 
may be formed and reduced in situ, e.g., a suspension of DMG and 
CoClj'bHjO (2:1 molar ratio) in methanol is stirred to dissolve the cobalt 
chloride. Then 50% NaOH (2:1 molar ratio of NaOH to CoCl 2 ) and pyridine 
(equimolar amounts to CoClj- 6H 2 0) was added, and the stirred suspension 
cooled to —10°C, followed by addition of more 50% NaOH and NaBH 4 
(1:6 mole ratio of NaBH 4 to CoC 1 2 -6H 2 0). At this point the alkylating 
agent (Me 2 S0 4 ) was added and the solution warmed to room temperature. 
Evaporation and addition of water and pyridine produces a solid crystalline 
product in 74% yield (161). The Co(I) derivatives are usually blue-green, 
whereas the organocobalt(III) compounds are yellow to red. This color 
change is a useful indication as to the progress of the reaction. Molecular 
hydrogen has been used as a reducing agent for reactions of DMG com¬ 
plexes. Again this may be carried out in a one-step process e.g., treatment of 
a suspension of CoCl 2 • 6H z O and DMG in methanol with the appropriate 
amount of sodium hydroxide and the alkylating agent in the presence of 
hydrogen produces the alkyl cobalt(III) derivatives. This illustrates the 
general ease of reduction of DMG complexes; porphyrin or corrinoid 
systems are not reduced to cobalt(I) derivatives by this method. In fact, 
[Co“(DMG) 2 ] disproportionates into cobalt(I) and (III) in alkaline solution. 
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Addition of sodium hydroxide to a mixture of [Co u (DMG) 2 ] and an 
alkylating agent in methanol-water yields up to 50% of the organocobalt 
product. This appears to be the most convenient method for the preparation 
of organocobalt(III) derivatives, provided that the maximum yield is not 
required (161,163). Methods involving the reaction of Co 1 with electrophiles 
are, at least with DMG complexes, more convenient than the main alterna¬ 
tive route via Co(III) and Grignard reagents. 

The Co(I) complexes may be treated with a variety of electrophilic 
reagents, usually the alkyl bromide or iodide. The alkyl group may be 
primary or secondary [tertiary alkyl halides do not give isolable products 
(153)], benzyl, allyl [but the products were too reactive to isolate (130, 131, 
162)] or cycloalkyl (141,154). With dihalides mono- or dicobalt derivatives 
may be formed depending on the proportions of the reagent or the reaction 
time (40,161). Examples of other halides are acyl chlorides, haloesters such 
as CICOOCHj (43), BrCH 2 CH 2 OH (33, 34), BrCH 2 COPh (163), and 
vinyl and styryl halides (43, 59,129,163). Other methylating and alkylating 
agents include CH 2 N 2 (151), Me 2 S0 4 (161), and tosylates (95, 155). 
Reaction with phenyl halides has apparently been achieved only with 
[Co'(BAE)] - (16, 46). 

Certain quaternary ammonium salts will alkylate [Co'(DMG) 2 py]~. 
The addition of PhCH 2 NMe 3 + I“ to a solution of the complex in methanol 
gives the PhCH 2 Co complex in 45% yield. The reaction works more 
slowly with dimethylpiperidinium iodide to give the CH 3 —Co complex 
(15). There is no alkylation with tertiary amines alone (164), but in the 
presence of equimolar amounts of dimethylacetylenedicarboxylate certain 
aliphatic tertiary amines can alkylate [Co'(DMG) 2 py] - in methanol solution. 
The reaction also produces the enamine derivative of a maleic ester, and 
the mechanism appears to involve addition of the amine to the triple bond 
to form an ammonium salt, which can then attack the Co(I) derivative (15). 

b. Addition to Unsaturated Compounds. Of the simple alkyl olefins 
only propylene will react with [Co^DMG^py] - , to give small amounts 
of [i-PrCo(DMG) 2 py] under special conditions, viz., reaction of 
[pyCo(DMG) 2 ] 2 with excess propylene in ethanol in the presence of 
hydrogen (161). Addition to unsaturated derivatives is successful for 
acetylene and acetylenic derivatives, and for olefins possessing electron- 
attracting substituents, i.e., activated systems. The method of carrying out 
these reactions is, usually, to generate and reduce a Co(I I) derivative in situ: 
Co(acetate) 2 or Co(halide) 2 , DMG, and a solution of the olefinic substrate 
are stirred in methanol under 1 atm of H 2 . In neutral solution only a- 
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substituted organocobalt(III) DMG complexes are formed, but if NaOH 
is added (pH 10-11) the ^-substituted complex is formed, e.g., with 
CH 2 =CHCN in neutral solution [CH 3 CH(CN)Co(DMG) 2 py] is formed, 
but if NaOH is added [NCCH 2 CH 2 Co(DMG) 2 py] results. The ^-substi¬ 
tuted derivatives are less stable than the a-substituted derivatives and may be 
converted to them (163). These reactions may still occur if hydrogen is 
omitted because of the disproportionation referred to above. The reaction 
product from styrene under both alkaline and neutral conditions is the 
a-phenylethyl derivative, not the /?-product. The /?-isomer has been made 
from /?-bromoethylbenzene and is known to be stable. In these preparations 
the olefinic substrate is usually employed in excess to counteract losses 
through reductive cleavage of the cobalt-carbon bond. Only with highly 
reactive olefins is reduction of the organocobalt products insignificant 
enough to be neglected (163). As discussed in Section III, the direction of 
addition to the olefinic derivative is usually diagnostic of the nucleophile 
involved; a-substituted derivatives result from reactions with the cobalt 
hydride, ^-substituted products arise from the Co 1 nucleophile. The desired 
base ligand may be added before the hydrogenation stage (if used) or after 
the main reaction phase is over, prior to isolation of the organometallic 
complexes. This gives a wide choice of base ligands using convenient 
reaction conditions (163). Hydride derivatives [HCoL 4 ]° have also been 
prepared for (salen) and (BAE) systems. These react with acetylenes to give 
vinyl complexes and with activated olefins to give saturated organocobalt 
complexes (43, 40). 

Aniline and formaldehyde in water added to [Co n (DMG) 2 (H 2 0) 2 ] in 
methanol under 1 atm of hydrogen produces, on addition of water, a precipi¬ 
tate which may be [C 6 H 5 NHCH 2 Co(DMG) 2 (NH 2 C 6 H 5 )]H 2 0 (165). 

2. Reactions Involving Co(II) 

a. Radicals and Co(II). Various complexes of the type [Co ll (DMG) 2 B], 
[Co“(DMG) 2 B 2 ], and [Co 11 (saloph)B] were found to react with benzyl 
halides in benzene or acetone (no base being added to make the solutions 
alkaline) to yield [PhCH 2 Co(DMG) 2 B] and [XCo mi (DMG) 2 B]. The 
mechanism has been discussed in Section III,B (119, 144). Few complexes 
have been isolated from this preparative route; analytical results have been 
obtained for [C 6 H 5 CH 2 Co(saloph)pyH 2 0] (119, 144). 

b. Electron-Transfer Reactions. This is successful only when strongly 
electron-attracting groups are present in an alkyl halide. It has been observed 
only for p-N0 2 C 6 H 4 CH 2 halides and differs from the reactions discussed 
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above (2,a) in that electron transfer rather than halogen abstraction occurs 
(118). The process is exemplified by the reaction of [Co M (salen)MeIMD] 
with p-N0 2 C 6 H^CH 2 Br which proceeds quantitatively (giving 50% of 
the metal-organic derivative) in CH 2 C1 2 solution in the presence of excess 
methylimidazole. However, the organocobalt(III) complexes were not 
isolated as solids or analyzed, and the method cannot be considered as a 
practical means of synthesizing organometallic derivatives but has interest 
because of its mechanistic implications (see also Section III,B). 

3. Reactions Involving Co(III) 

a. Nucleophilic Attack on Co(III). Reaction of [Co m (salen)B 2 ] + , [Co m - 
(salen)BX] (47), or [Co m (salen)I] (64) with excess (47) or equivalent 
(64) amounts of Grignard reagent yields [RCo(salen)H 2 0] no matter which 
base, B, was originally attached to the cobalt(III) compound. The reaction 
with [Co'^salen)!] appears to be the simplest and least complicated by 
the presence of other ligands and does not require an excess of Grignard 
reagent. Similarly with [Co m (BAE)BX] the base Ph 3 P is not retained after 
attack by R _ [ e.g., from C 6 H 5 Li or C 6 H,MgBr in the case of phenyl)] (49). 
R~ may also originate from [(CH 3 ) 2 Co{(DO)(DOH)pn}] which can react 
in water/THF solution at room temperature with [Co m L 4 (H 2 0) 2 ], where 
L 4 = BAE, salen, saloph, or (DOH)(DO)pn, to form the methylcobalt(III) 
derivative in 70-90% yields (41). The reaction of [Co m (porph)pyBr] 
with Grignard reagents yields [RCo(porph)H 2 0] (56, 33). Reaction of 
[Co lll (DMG) 2 BX] with Grignard reagents requires a threefold excess of the 
nucleophile because of the acidity of the two oxime protons (146). The 
Grignard route is the only practical one for phenyl halides, except with 
BAE complexes. Reaction of [Co m (DMG) 2 pyCl] with PhMgBr gives 
[PhCo(DMG) 2 py] the base being retained as the sixth axial ligand (146). 
Though the Grignard route was the original method for the preparation 
of organocobalt(III) DMG complexes (151), it is less used now, mainly 
because Co(II) derivatives are more convenient starting materials (161). 
Using cobalt(II) starting materials eliminates the necessity of synthesizing 
a [Co"(L 4 )] derivative in a separate step, and the experimental conditions 
are more convenient than for Grignard reactions. Reaction of [Co 111 ((DO) 
(DOH)pn}I 2 ] with a 2:1 excess of Grignard reagent gives [RCo{(DO) 
(DOH)pn}] + ; reaction with a (presumably greater) excess of Grignard 
reagent gives [R 2 Co{(DO)(DOH)pn}] (46, 42). Electrochemical reduction 
of [RCo{(DO)(DOH)pn}H 2 0] + (where R = CH 3 or C 2 H 5 ) generates 
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[RCo 1 {(DO)(DOH)pn}] _ which reacts with the parent species to give 
[R 2 Co m {(DO)(DOH)pn}], presumably by release of the organic group as a 
carbanion (50). The Grignard method is normally carried out in tetra- 
hydrofuran solution, a solid product being obtained by removal of THF in 
vacuum. The solid can be dissolved in methanol and precipitated with 
water. This method produces a complex having water in the sixth coordina¬ 
tion position. 

The reaction of [{Co u (DMG) 2 py} 2 ] with B(»-C 4 H,) 3 in benzene followed 
by extraction with CH 2 Cl 2 /aq. NaOH produces [n-BuCo(DMG) 2 py]; 
the reaction is less successful with [pyCo u, (DMG) 2 Cl] (161). This may be 
a convenient method using the more stable arylboron derivatives, but is 
probably experimentally more difficult than the Grignard route if a lower 
alkyl is to be introduced, because the lower alkylboron compounds inflame 
spontaneously in air, though they do not react with water, while the aryls 
are stable in air. 

b. [i?OCo ni (L 4 )B] and Active Hydrogen Compounds. The electrophilic 
behavior of the Co(III) species is shown by the reaction of [HOCo UI (L 4 ) 
H 2 0], where L 4 = salen, 7-Me-salen, saloph, (DMG) 2 , or (DO)(DOH)pn, 
with compounds such as acetone and nitromethane which contain an active 
hydrogen, for example, [HOCo m (salen)H 2 0] + CH 3 N0 2 -> [N0 2 CH 2 
Co(salen)H 2 0] + H 2 0. The hydroxo-cobalt(III) complex is dissolved in 
methanol or 9:1 methanol: water and reacted directly with the active 
hydrogen compound (16). Malononitrile, CH 2 (CN) 2 , will also react with 
[ROCo ni (salen)], [HOCo n, (salen)py], and [CH 3 OCo I1I (salpn-l,3)], to 
give the (NC) 2 CHCo derivatives. The reaction can also be carried out with 
Co“(salen), oxygen, and CH 2 (CN) 2 in ethanol to produce polymeric 
[(NC) 2 CHCo(salen)], which gives the pyridine or aquo adduct on treatment 
with pyridine or aqueous acetone, respectively (4). 

Experimentally, this method appears to be one of the most simple and 
convenient yet devised for the production of organocobalt(III) complexes. 
It would seem to be general for most equatorial ligands, the limiting factor 
being the requirement that the precursor of the organo-ligand must be an 
active hydrogen compound. 

4. Preparations from Other Organocobalt(III) Compounds 

a. Addition, Exchange, or Removal of an Axial Ligand. This reaction is 
frequently used to prepare organocobalt(III) complexes with different 
ligands (usually neutral bases) in the sixth coordination position. The 
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complexes [RCo(L 4 )py] (R = Me, Et, Pr, etc., L 4 = salen or BAE) may be 
obtained by dissolving the aquo or anhydrous derivative in the minimum 
amount of pyridine and precipitating with petroleum ether (90% yield) 
(40). Ammonia derivatives may be obtained by bubbling ammonia gas into 
a solution of the aquo or anhydrous derivative; ether or light petrol is added 
to precipitate the product (47). Benzimidazole can be coordinated by pouring 
a solution of the ligand in methanol into a solution of the aquo derivative 
in methanol; after standing the benzimidazole derivative crystallizes out of 
solution (47). The compound [CH 3 Co(DMG) 2 H 2 0] is best prepared from 
[CH 3 Co(DMG) 2 (Me 2 S)] by boiling the latter in water; on standing the 
liquid is filtered to obtain orange crystals of the aquo derivative. This 
compound can also be made from Co n (DMG) 2 , hydrogen and methyl 
iodide in alkaline solution, but isolation is difficult, hence the indirect 
method from the Me 2 S derivative (161,146). 

Five-coordinate complexes may sometimes arise spontaneously during 
preparation, e.g., [CH 3 COCo(salen)] from CH 3 COCl and [Co'(salen)]~ 
(43) and [EtCo(salen)] from [Co u, (salen)(NH 3 ) 2 ] + Br and EtMgBr, even 
though water was used at the recrystallization stage (47). But usually the 
five-coordinate complex has to be formed by removal of the sixth ligand 
(see also Section II,B,1). This may be done by heating the aquo derivatives 
at 40°-80° C under vacuum in the solid state. There is usually a color change 
from the red-orange aquo derivative to a green anhydrous complex, though 
[CH 2 =CHCo(salen)J is violet (40). It should be noted that [CH 3 Co(salen)] 
has both red and green forms. The green derivative was obtained by de¬ 
hydration of the aquo derivative over P 2 0 5 in vacuo in darkness; the red 
derivative was obtained from the green compound by treatment with 
anhydrous diethyl ether, followed by filtration and drying in vacuo (64). 
[CH 3 Co(DMG) 2 H 2 0] can be dehydrated by distilling from benzene 
or methylcyclohexane solution until the distillate is no longer moist. The 
material collected, washed with benzene, and dried at 25° C was the an¬ 
hydrous [CH 3 Co(DMG) 2 ] (161). 

The pyridine ligand in some alkenyl cobalt(III) DMG complexes may 
be replaced by methyl or ethyl phosphite by addition of the phosphite to a 
solution of the (DMG) 2 complex in ethanol. In a similar manner aniline may 
be displaced by (CH 3 0) 3 P from [CH 2 =CHCo(DMG) 2 C 6 H,NH 2 ] (129). 

b. Modification of the Organo-Ligand. Acid hydrolysis has been used to 
obtain complexes such as [HOOCCH 2 CH 2 Co(DMG) 2 py] from the methyl 
ester and [OHCCH 2 Co(DMG) 2 py] from the acetal (163). The aquation of 
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ethinylcobalamin (HC=CCo) in aqueous acid gives acetylcobalamin (CH 3 - 
COCo) (77), and that of the allenyl complex [CH 2 =C=CHCo(DMG) 2 py] 
in aqueous methanolic HC1 gives the acetonyl complex (CH 3 COCH 2 Co) 
(99). The reaction of [CH 3 Co(CN) s ] 3_ with acid yields[CH 3 C(=NH) 
Co(CN) 4 ] 2_ , which then decomposes to a compound believed to be 
[CH 3 COCo(CN) 4 ] 2 - (101) (see also Section VI,D). 

The reaction of [CH 3 Co(salen)H 2 0] with m-C 3 F 7 I results in the forma¬ 
tion of [n-C 3 F 7 Co(salen)] in almost quantitative yield. The reaction occurs 
in 3 days at room temperature or within 30 minutes on refluxing in ethylene 
glycol dimethyl ether (174a). 

c. Modification of the Equatorial Ligand. The bridging protons in DMG 
complexes can be replaced by -BF 2 - bridging groups by, for example, 
stirring [CH 3 Co(DMG) 2 py] and Et 2 0-BF 3 together in ether and adding 
excess pyridine (71% yield) (161). The (DMG) 2 ligand can be replaced by 
(CHD) 2 by heating a suspension of [CH 3 Co(DMG) 2 H 2 0] and cyclo- 
hexanedione dioxime in toluene for 4 hours at 135°C. The product is 
obtained as [CH 3 Co(CHD) 2 py] by concentrating the reaction mixture to 
dryness, and adding pyridine in methanolic sodium hydroxide. Water is 
then added to the mixture to precipitate the solid product (59% yield) (161). 

The reaction of [RCo(BAE)] where R = Me or Et with [Co“(tfen)] in 
dimethyl sulfoxide gives [RCo(tfen)] (174a) (see also Section VI,C,3). 

d. Reaction of [RCo(L A )H 2 0] with 0 2 and CO in R'OH to give 
[. R'OCOCo(L A )H 2 0 ]. Irradiation of the compounds [RCo(salen)H 2 0] 
(R = Me, Et, n-Pr, w-Bu) with visible or UV light in solution in alcohols 
R'OH (R' = Me, Et, t-Pr) in the presence of CO and air gives 
[R'OCOCo(salen)H 2 0] (44, 38). The reaction occurs in three stages: 
photoreduction of the organocobalt(III) complex to Co(II), followed by 
oxidation to [R'OCo ul (salen)H 2 0], and finally insertion of CO to give the 
alkoxycarbonyl complex (R'OCOCo) (see also Section III,C). The reaction 
has been extended to complexes of ligands such as salpn-1,3, 7-Ph-salen, 
saloph, and BAE. In these examples the starting material is [Co u (L 4 )], 
which is oxidized to [ROCo n, (L 4 )H 2 0] when a 50:50 mixture of CO and 
air is bubbled through the suspension; the alkoxycarbonyl complex is 
eventually precipitated and can be recrystallized from methanol and water. 
The complexes [CH 3 OCo ,H (L 4 )X] and [HOCo n, (L 4 )X] were prepared, 
but only the latter were isolated; solutions of these complexes in methanol 
all give quantitative yields of the alkoxy carbonyl complexes when treated 
with CO, even in the absence of oxygen (44). This interesting reaction is 
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obviously of restricted synthetic usefulness, though there appears to be no 
reason why it should not be applied more widely to the preparation of 
alkoxy carbonyl derivatives of a wider range of equatorial ligands. 

C. Penta- and Tetracyanides 

Few organopentacyanocobalt(III) complexes have been isolated pure, 
probably because of the difficulty of separating them from other complexes 
of the type [Co(CN) s X] J - where X = Cl", CN _ , HO-, etc. (74). The 
organocobalt(III) derivatives are usually detected in the presence of such 
inorganic cyanide complexes by observation of a characteristic cyanide 
stretching frequency at about 2100 cm -1 , which is about 25 cm -1 lower than 
analogous bands in the purely inorganic complexes. NMR spectroscopy in 
D 2 0 is also used to identify the presence of organic groups bound to cobalt. 
The stability of these complexes varies with the nature of the organo-ligand 
in the order XCH 2 > XCHMe > XCMe 2 and X = CN > COOR > COR 
> CH=CH 2 ~ R > C 6 H s (108) (see also Table V). The methods of prep¬ 
aration and characterization of organopentacyanides are given in Table III, 
28. The work involving organocobalt(III) pentacyanides has been carried 
out mainly in aqueous media, in which the ions are soluble. The main 
interest in these systems lies in the investigation of their activity as hydro¬ 
genation catalysts (see Section VII), and in the study of their reaction with 
organic halides (see Section III,B). Nearly all these complexes are penta¬ 
cyanides, though a few tetracyanides are known. Some of the reactions may 
be varied to involve the presence of either [Co"(CN)j] 3- or [HCo(CN) 5 ] 3_ , 
e.g., the reaction with CF 2 =CF 2 can be made to give, respectively, 
[(CN) 5 CoCF 2 CF 2 Co(CN) 5 ] 6 - and [HCF 2 CF 2 Co(CN) 5 ] 3 - (122, 121). 
The Grignard route used for corrinoids and other macrocycles cannot be 
used for the preparation of the cyanide complexes, because they are soluble 
only in protic solvents. The anion [Co n (CN)j] 3_ is prepared by addition of 
excess cyanide to aqueous solutions of cobaltous salts in an inert atmosphere, 
and can be reduced to [HCo(CN) s ] 3_ by H 2 , 3% potassium amalgam, 
borohydride, etc. 

1. Reactions of [Co"(CA^) 5 ] 3 - and [ HCo(CN) s y~ 

a. Reactions of [Co n (£7V) 5 ] 3- with Organic Halides. The mechanism of 
this reaction has been discussed in Section III,B. Products are shown in 
Table III, 28. 
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Alkyl pentacyanides prepared by this reaction are usually obtained from 
primary alkyl iodides. Low yields of the iso- and cyclopropyl derivatives 
were isolated from the corresponding iodide and bromide. In general, 
secondary and tertiary alkyl iodides form mixtures of alkanes and alkenes, 
presumably because of the instability of the organometallic complexes 
(105,109). Neopentyl and neophyl iodides yield unrearranged organocobalt 
complexes. The structures of complexes formed from polyhalogenated 
compounds such as CH 2 C1 2 and Cl 3 CCOOH have not Been determined. 
Benzyl halides give the expected organocobalt complexes, but C 6 H 5 CHMeBr 
gives a mixture of C 6 H 5 CH=CH 2 and C 6 H 3 CH 2 CH 3 (105). 

Allyl halides react to produce a-allyl pentacyanide complexes, which 
can be converted into 7r-allyl complexes by displacement of a cyanide ligand 
(107, 109) (see also Section V,C). CH 3 CH=CHCH 2 Br gives a low yield of 
the 2-butenylcobalt complex (105). a-Cyanoalkyl halides and a-halo- 
ketones and acids give the corresponding organocobalt complexes. The only 
known tertiary complex, [Me 2 C(CN)—Co(CN) 3 ] 3 “, is presumably stabilized 
by the presence of the highly electronegative nitrile group (105). a-Iodo- 
pyridine is the only aromatic halide reported to react with [Co 1I (CN) J ] 3_ 
(75). The phenyl complex has been prepared from phenyldiazonium 
chloride (109). 

b. Reaction of [HCo(CN) s ] } ~ with Conjugated Olefins. Activated olefins 
may be catalytically hydrogenated, be isomerized, or form adducts by 
reaction with [HCo(CN) 3 ] 3_ , while nonactivated olefins are neither reduced 
nor isomerized; the direction of the reaction appears to be governed by the 
structures of the olefins (see Sections III,A and VII,A). Vinyl halides react 
in an addition-elimination reaction to give the vinyl complexes (see Section 
III,A). The organocobalt pentacyanides formed by these reactions are 
listed in Table III, Section 28. 

2. Other Reactions 

Acetylene reacts with [Co’^CN),] 3- to form a bridged binuclear complex 
[(NC) 5 CoCH=CHCo(CN) 5 ] 6_ (70). This complex rearranges in solution 
to give an organometallic complex (containing nitrile groups) whose 
structure is not known (105). The original bridged complex was obtained 
by passing acetylene gas into an air-free aqueous solution of hydrated 
cobalt(II) chloride and potassium cyanide which was cooled by ice. After 
a few minutes the color changed from green to yellow, and addition of 
air-free ethanol precipitated a yellow-brown oil which soon crystallized. 
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The crystals were washed with ethanol and ether and dried under vacuum 
(70). 

C 2 F 4 reacts with both [HCo(CN) s ] 3 ~ and [Co(CN) s ] 3 to give, respect¬ 
ively, [HCF 2 CF 2 Co(CN) 5 ] 3 -and [(CN) 5 CoCF 2 CF 2 Co(CN) 5 ] 6 -. The reac¬ 
tion takes place in aqueous solutions at atmospheric pressure (122,121). The 
presence of potassium amalgam in the former case produces [HCo(CN) s ] 3- 
which gives almost exclusively the HCF 2 CF 2 - product. The com¬ 
plexes were isolated by precipitation with ethanol (121). The reaction of 
[Co"(CN) 3 ] 3 - with CS 2 produces [(NC)jCoS—C—Co(CN) s ] 6 - (125, 5). 

II 

S 

Reaction of (presumably) [Co u (CN)j] 3- with C1CH=CHC1 is thought to 
produce [Co(CN) 5 C=CH] 3 - (105). 

A series of complexes in which the cyanide ligands are modified or re¬ 
placed arises from the decomposition of methyl and pyridiomethylcobalt( III) 
pentacyanide derivatives in acid solution. The reactions include protonation 
of a cyanide ligand, insertion of a cyanide ligand between the organic group 
and the cobalt atom to produce an imine (see Section VI,D), decomposition 
of this imine to an acyl product, and replacement of a cyanide ligand by 
water (100, 101). The products are listed in Table III, 29. 


V 

REACTIONS AND EQUILIBRIA NOT INVOLVING CLEAVAGE 
OF THE Co—C BOND 

A. Acid/Base Equilibria 

Several organo-ligands can gain or lose a proton. The values of p K a 
given in the accompanying tabulation have been reported for complexes 
of the type [RCo(DMG) 2 X] (163). 



R = 

X = 

P K. 


-CH 2 CH 3 COOH 

py 

5.70 


-CHMeCOOH 

py \ 



-CHjCOOH 

py ) 

All apparently 


-CHMeCOOH 

HjO J 

7.14 


cf. CH 3 CHjCOOH 


4.87 
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Values of pAT b have been determined for protonation of the pyridiomethyl 
ligand in all three isomers of the complexes 


CH 2 —Co(CN)jJ 

as follows: 2-pyridiomethyl, p/T b = 10.4 ± 0.1; 3-, 8.3 ± 0.1; 4-, 9.2 ± 0.1; 
cf. 4-methylpyridine, 6.1. There is also protonation of one of the cyanides 
in strong acid (p K approx. —2) (101). The p^f b of the a-(2-pyridio)ethyl- 
pentacyanide is 10.55 (102). 

Acid and base can, of course, induce many reactions of organocobalt(III) 
complexes (see Section B below, and Section VI,B, C, D), presumably 
through the formation of reactive intermediates by the gain or loss of a 
proton, e.g., 



Co—CH 2 CH 2 OH . '■■■ Co—CH 2 CH 2 0- -► Co'+ CH 3 CHO 

Organo-ligands which can pick up a proton should also be able to act as 
Lewis bases towards metal ions, but only two cases have so far been reported. 
Ethinyl- and vinylcobalamin both show reversible equilibria with Ag(I) 
ions, which have been ascribed to equilibria such as 

Co—C=CH + Ag + ^ Co—C=C—Ag + H + 

Co—CH=CH 2 + Ag+ ^ Co—CH—CH=J=CH 2 
Ag + 

but no equilibrium constants have been reported (84). The complex 
[C1CH 2 Co(DMG) 2 H 2 0] also forms a very strong adduct (K > 5 x 10 6 
M _l ) of unknown structure (? CoCHCl—Hg + ) with Hg(II) ions (1). 

NMR studies show no exchange of protons between solvent and organo- 
ligands [see, for example, ref. (161)]. 


B. Irreversible Reactions 

Astudyofthereactionsofthecomplexes[CH 3 COOCHRCH 2 Co(DMG) 2 - 
py], where R is H or CH 3 , shows that the /3-carbon atom is unusually 
reactive. Hydrolysis gives alcohols (CoCH 2 CHROH), while methanolysis 
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and ethanolysis give ethers (CoCH 2 CHROR'). The kinetic data obtained 
for ethanolysis showed that these complexes possess a reactivity comparable 
to that of trityl acetate. They suggested the intermediate formation of a 
complex such as (XXIII) or (XXIV). The <r-vinyl complex (XXV) could 
be excluded because the products of alcoholysis in CD 3 OD contained D 

+CH 2 ^ch 2 

h 2 c=ch 2 ch 2 ch 

1 I I 

Co Co Co 

(XXIII) (XXIV) (XXV) 

only in the methoxy group. The occurrence or otherwise of the redistribution 
of isotopic labeling between the a- and /3-positions during the reaction could 
presumably decide between (XXIII) and (XXIV). These reactions are 
accompanied by some loss of the organo-ligand (presumably as olefin), 
and if hydrolysis is carried out in the presence of BH 4 “ some of the n-propyl 
complex (CH 3 CH 2 CH 2 Co) is also formed (69). 

Such reactions occur far less readily at the a-carbon atom. The /?- 
carbomethoxyethyl complex [MeOOCCH 2 CH 2 Co(DMG) 2 py] is saponified 
by 1 ./V HC1, while the a-analog requires warm concentrated sulfuric acid, 
and the complex with the ligand EtOOCCH 2 CH(COOEt)Co can be selec¬ 
tively hydrolyzed to give the a-monoester. It was suggested that the 
presence of the equatorial ligand severely hinders the approach of an 
attacking nucleophile to the carboxy group on the a-carbon (163). X-Ray 
analysis of [MeOOCCH 2 Co(DMG) 2 py] does, in fact, reveal steric com¬ 
pression between the carboxy carbon and one of the nitrogens of DMG 
(112) (see also Section II,B,2). 

Many unsaturated organo-ligands undergo hydrolysis or hydration while 
remaining coordinated to the cobalt. The hydration of ethinylcobalamin 
(HCsCCo) to acetylcobalamin (CH 3 COCo) in aqueous acid was reported 
in 1965 (77). A second clear-cut example is the hydration of solutions of 
the cr-allenyl complex [CH 2 =C=CHCo(DMG) 2 py] in aqueous methanol 
to the acetonyl complex (CH 3 COCH 2 Co) catalyzed by HC1 (99). Phenyl- 
acetylene reacts with [Co(CN)jH] 3 ~ to give the a-styryl complex, which is 
decomposed by acid to yield acetophenone (PhCOCH 3 ), but the nature of 
the intermediate steps is not known (105). One product of the reaction of 
[CH 3 Co(CN) s ] 3 ~ with acid is [CH 3 C(=NH)Co(CN) 4 ] 2 -, which then 
yields ammonia and a product which is almost certainly the acetyl complex 
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[CH 3 COCo(CN) 4 ] 2 (101). The acid-catalyzed hydrolysis of other com¬ 
plexes of the type 


CHRC(=NH)Co(CN) 4 


might also proceed via acylcobalt intermediates (101, 102). It is worth 
noting that cobalt cyanide complexes apparently catalyze the hydrolysis 
of nitriles (RCN) to carboxylic acids (RCOOH) (127). 




C. ct-tt Equilibria 

Several types of reversible equilibria involving 77-bonded organo-ligands 
have now been established and some play an important role as reaction 
intermediates. 

In 1965 Kwiatek and Seyler (109) reported the existence of a cyanide- 
dependent equilibrium involving a- and 77 -allyl complexes, revealed by 
NMR spectroscopy in aqueous solution, viz., 


[CH 2 =CH—CH 2 —Co(CN) s p- = 


CH—Co(CN) 4 


ch 2 


CN- 


If the 77 -allyl ligand is considered to retain one negative charge, then the 
cobalt ion remains trivalent. The NMR spectra of fresh solutions of the 
butenyl analog suggested that it contained the o-2-butenyl complex, but 
observation of rearrangement to the 77 -complex was prevented by decompo¬ 
sition (109). The formation of both a- and 77 -complexes explains the 
remarkable effect of the cyanide concentration on the nature of the products 
in the homogeneous hydrogenation of butadiene, isoprene, etc. (see 
Section VII,A). The 77 -allyl ligand apparently requires two coordination 
positions, and this type of isomerization is, therefore, far less likely to occur 
in organocobalt complexes containing a fairly rigid macrocyclic ligand 
occupying the equatorial coordination positions. 

The NMR spectrum of the phenacyl complex [PhCOCH 2 Co(CN)j] 3- 
shows only a single resonance due to the methylene group, and it was 



■400 


J. M. PRATT and P. J. CRAIG 


suggested (109) that this might be due to a rapid equilibration between 
different structures such as 


Ph 



Co 


H 2 <^ 


7r-01efin-cobalt(III) complexes have not yet been observed directly, 
but have been postulated as intermediates in various reactions (see Section 
VI,B,l,d and the preceding section). 

More recently Schrauzer, Weber, and Beckham (159) showed the exist¬ 
ence of equilibria involving the loss of a proton from the (r-alkylcobalt(III) 
complex to give a 7r-olefin-cobalt(I) complex, i.e., 


-CH 2 CH 2 R ho- CH 2 =CHR 
Co 111 ' Co' 


CH 2 =CHR 


Co' 


The same red 7r-olefin-Co(I) complex could be formed both by treating 
the yellow complex [EtOOCCH 2 CH 2 Co(DMG) 2 py] with base, and by 
reacting the blue-green Co(I) complex with ethyl acrylate (CH 2 =CH 2 - 
COOEt) in fairly alkaline solution (0.1-1 M NaOH). At lower pH the 
reaction of the olefin with Co(I) proceeds via the olefin adduct to the 
oalkyl-Co(III) complex (see also Section III,A). The NMR spectra of 
the analogous complexes with the ligands NCCH 2 CH(CN)- and EtOOC- 
CH 2 CH(COOEt)- in pyridine at room temperature showed only a single 
signal due to the protons of the organo-ligand, ascribed to tautomerization 
via the 7r-olefin complex, i.e., 


rch 2 chr 

I 

Co 


RCH=CHR 

I 


Co' + H + 


RCHCH 2 R 

I 

Co 


Other substituted olefins such as acrylonitrile, fumaronitrile, crotono- 
nitrile, cinnamonitrile, and diethylfumarate also formed adducts with 
Co'(DMG) 2 complexes containing py, H 2 0, or PBu 3 and, in one case, with 
[Co'(DMG-BF 2 ) 2 py]. Second-order rate constants were reported for the 
formation of several 7r-olefin-Co(I) complexes from organocobalt(III) 
complexes containing, for example, NCCH 2 CH 2 - with DMG, DPG, 
DMG-BF, py, H 2 0, and PBu 3 . 
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VI 

CLEAVAGE OF THE Co—C BOND 

Organocobalt(II I) complexes as a group may undergo a variety of different 
thermal and photochemical reactions which lead to cleavage of the Co—C 
bond. However, individual complexes show surprising differences in their 
patterns of reaction. The Co—C bond in methylcobalamin, for example, is 
stable to concentrated sulfuric acid, strong alkali, and cyanide, but is readily 
broken by Hg(II) ions, while exactly the opposite pattern is observed with 
5-deoxyadenosylcobalamin. Both these complexes are extremely light- 
sensitive in solution in the presence of air, but methylcobalamin is almost 
insensitive to light in the absence of air. 

It is useful to divide their reactions into three broad groups, depending 
on the regions of the complex and/or the surrounding medium which are 
involved in the reaction: 

(A) Reactions involving only one coordination position (the Co—C bond), 
where the only role of the surrounding solvent or medium is to facilitate the 
gain or loss of a proton by the organo-ligand. 

(B) Reactions involving one coordination site and attack by an external 
reagent (electrophile, radical, or nucleophile). Since cleavage of the Co—C 
bond is accompanied by the formation of a new bond between the organo- 
ligand and the attacking reagent these can be called transfer reactions. 

(C) Reactions involving ligands in two adjacent (i.e., cis) coordination 
positions. They include certain insertion reactions (e.g., the insertion of 
cyanide into the Co—C bond) and the reverse elimination reactions. 

Reactions in both groups A and B may involve homolytic fission of the 
Co—C bond to give Co(II), or heterolytic fission to give either Co(III) 
or Co(I) complexes or even (at least in the case of cis elimination under 
A) cobalt hydride complexes [see the general scheme of reactions given in 
Section I,A], The course and rates of all these reactions depend not only on 
the nature of the organo-ligand and the attacking agent (if any), but also on 
the nature of the other ligands in the complex. Only a few comparisons of 
rates and products have yet been carried out for complexes which differ 
only in the second axial ligand or only in the equatorial ligand. These are 
discussed separately for each type of reaction. 

It should be noted that a nucleophilic or electrophilic reagent may bring 
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about or modify a reaction of the organo-ligand either by direct attack on 
that ligand or by changing the nature of the axial or equatorial ligands. 
Substitution of the second axial ligand may occur very rapidly because of 
the strong kinetic trans effect of the organo-ligand (see Section II,C). 
A nucleophile (e.g., HO - or CN - ) may itself substitute the axial ligand, 
while an electrophile [e.g., H + or Hg(II) ions] may protonate or coordinate 
the axial ligand, thereby causing it to be substituted by a solvent molecule. 
There are also many cases of the reversible gain or loss of a proton by a 
macrocyclic ligand. Even the protonation of cyanide (to give Co—CNH) 
has been shown to be kinetically important in the reactions of the penta- 
cyanides (102) (see also Section VI,D). Such additional reactions and 
equilibria may complicate the kinetics and their interpretation. 

Reactions of group C, which involve interaction between two unidentate 
ligands in adjacent coordination positions, have so far only been reported 
for the pentacyanides, most of which undergo reactions to the type: 

NH 

[R—Co(CN) s p- + H + — [R C—Co(CN) 4 p- 

The presence of a macrocyclic ligand, which preferentially occupies the 
four equatorial coordination sites, will undoubtedly hinder the occurrence 
of such reactions in most of the other groups of complexes under discussion. 
As already mentioned in Section I, A, one of the most important features of 
the reactions of these complexes is that we can study the reactions of a single 
organo-ligand uncomplicated (except in the case of the pentacyanides) by 
reaction with any of the other ligands. However, it should not be over¬ 
looked that such macrocyclic ligands do occasionally form octahedral 
complexes in which they are still tetradentate, but with two adjacent (cis) 
coordination sites available for coordination by another ligand or ligands 
[see, for example, refs. (28), (29), (135)]; that trigonal prismatic complexes 
are also possible; and that a cis position may be made available simply by 
the reversible dissociation of one donor atom of the macrocycle. Com¬ 
plexes with these configurations might provide mechanistic pathways for 
insertion or elimination reactions of macrocyclic complexes. 

The material is arranged as follows. Photochemical reactions are discussed 
first (Section VI,A) as they represent the most thoroughly studied and only 
definitely established examples of the simplest type of reaction, viz., the 
homolytic fission of the Co—C bond. Thermal (i.e., nonphotochemical) 
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reactions of type A (mainly in solution, but including a few references to 
the pyrolysis of solids) are discussed in Section VI,B, transfer reactions in 
Section VI,C, and insertion and elimination reactions (including the inser¬ 
tion of S0 2 , which apparently does not require the prior coordination of 
S0 2 in the cis position) in Section VI,D. Oxidation and reduction are 
treated briefly in Section VI,E. Equilibria and reactions which involve the 
organo-ligand but do not lead to cleavage of the Co—C bond have been 
dealt with in Section V, and catalytic reactions are discussed in Section VII. 
This section does not aim to be comprehensive. Complete references are 
given to quantitative mechanistic studies and to transfer (VI,C) and 
insertion and elimination reactions (VI,D), where the number of papers 
is small. But some selection has had to be made from among the large 
number of scattered, often qualitative observations summarized in Sections 
A, B, and E. 

Most of the basic types of reaction were discovered with, or first applied 
to, the corrinoids (e.g., homolytic cleavage by photolysis, /3-elimination to 
give Co(III) complexes, transfer of the organo-ligand to I 2 , thiols, and 
nucleophiles such as HO - and NH 2 OH) and with the pentacyanides (e.g., 
/3-elimination to give Co(I) complexes, transfer to Hg(II) as well as I 2 , 
cis elimination of Co—H and, of course, cyanide insertion and decomposi¬ 
tion by the cobalt hydride); for dates and references see below. Subsequent 
mechanistic studies have been carried out mainly with the corrinoids, 
pentacyanides, and DMG complexes. The most commonly studied ligands 
are alkyls and substituted alkyls (i.e., with a coordinated tetrahedral carbon 
atom). There has been relatively little work reported with, for example, 
alkenyl, aryl, or acyl ligands; this is obviously an area waiting to be explored. 

A. Photochemical Reactions 

It appears that all organocobalt(III) complexes are light-sensitive. The 
only complex whose photochemistry has been studied in detail is methyl- 
cobalamin. Many other complexes are simply noted as being decomposed by 
light. We therefore begin by summarizing the experimental results obtained 
with methylcobalamin and other organocorrinoids. For a fuller discussion 
and list of references see Chapter 14 of ref. (136). Other complexes are 
mentioned only where some detailed study has been carried out, or where 
qualitative observations emphasize significant analogies to or differences 
from methylcobalamin. 
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The primary step in the photolysis of methylcobalamin is homolytic 
fission to give the Co(II) cobalamin and methyl radicals. Recombination 
can occur, i.e., the reaction is reversed, unless the radicals and/or Co(II) 
are removed by further reactions: 

light 

Co— ch 3 ; --t = ± Co(H) + ch 3 - 

dark 

Photolysis in aqueous solution under nitrogen is very slow and gives 
Co(II), together with products derived from further reactions of the methyl 
radical (methane, ethane, ethylene, complexes methylated in the equatorial 
corrin ligand). The presence of air, however, increases the rate of photolysis 
by a thousandfold and gives Co(III) together with formaldehyde as the 
main organic product. The rate can also be increased and the nature of the 
products changed by the addition of thiols, quinones, and alcohols (in 
particular isopropanol), all of which react with and remove the methyl 
radicals. 

The photochemically active bands of methylcobalamin have been 
identified as the intense bands due to 77 — 77 * transitions within the conjugated 
corrin ring, and the following quantum yields ( <f >) were obtained: A = 490 
nm, <f> = 0.35 ± 0.04; 520 nm, 0.32 ±0.06; 550 nm, 0.24 ±0.05. Similar 
quantum yields ( <f> = 0.3-0.5) were also obtained for the photolysis of 
methylcobalamin in acid, where the base has been displaced and protonated, 
and the complex is present as a mixture of the methylaquo and five coordinate 
methyl complexes (140). The effect of varying the second axial ligand on the 
rate of photolysis by white light has also been studied (134). 

Other organo-corrinoids containing higher alkyls, 5-deoxyadenosyl, 
vinyl, ethinyl, and acetyl have also been shown to produce Co(II) on 
photolysis under nitrogen, and the accelerating effect of 0 2 and of isopro¬ 
panol demonstrated with other alkyl ligands, in addition to methyl. The rate 
of photolysis of 5-deoxyadenosyl, however, is unaffected by the presence 
of oxygen. In this case the radical is rapidly removed, even in the absence of 
oxygen, by cyclizing onto the adenine. Qualitative comparisons of rates 
have been made in many cases (usually in the presence of air), but only a 
few quantitative kinetic studies have been carried out. Most of the complexes 
with alkyl or substituted alkyl ligands undergo photolysis in air at similar 
rates. The least light-sensitive organo-corrinoids so far reported appear to 
be ethinylcobalamin (at least under nitrogen) and carbethoxycobinamide 
(CoCOOEt). 
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Among the non-corrinoid complexes, the formation of Co(II) has been 
established only in the case of organo-salen complexes (37). The accelerating 
effect of 0 2 has been observed in the photolysis of [MeCo(salen)H 2 0] 
(44) and various bis-DMG and bis-DPG complexes (154) and of isopro¬ 
panol in the photolysis of methyl-bis-DMG complexes (154). Rather 
surprisingly, the products of the photolysis of many complexes of the type 
[RCo(DMG) 2 py] in chloroform, acetone, or methanol in the presence of 
air have been shown to be the corresponding peroxide complexes (ROOCo) 
(68, 58). Some of these complexes, where R is a benzyl or allyl ligand, can 
also form peroxide complexes by a thermal reaction (see Section B,l,a). 
Close similarities were found in the composition of the gaseous products 
formed by the photolysis of methyl and ethyl complexes containing corrin, 
bis-DMG, salen, BAE, and other equatorial ligands under various condi¬ 
tions (different pH, addition of KCN or thiols, etc.) (158). There is obviously 
a close parallel between these complexes and the corrinoids. Schrauzer and 
colleagues have compared the rates of photolysis by white light of corrinoid, 
bis-DMG, and bis-DPG complexes with different organo-ligands and 
different bases or cyanide in the second axial position, and reported quantum 
yields in the range 0.0005-0.05 for the photolysis of the complexes with 
R = Me and Et, L 4 = (DMG) 2 and (DPG) 2 , and X = H 2 0, NH 3 , py, 
imidazole, and benzimidazole by light of wavelength ~450 nm (154). 
Kinetic studies have also been reported for certain organo-cobalt-CR 
complexes (131). 

B. Simple Thermal Reactions 

This section deals with reactions which involve only the organo-ligand, 
whether unmodified or modified by the loss or gain of a proton, and the 
cobalt. After considering established and possible mechanisms (Section 
B,l) we list examples to show how reactivity is influenced by different 
functional groups and substituents (Section B,2), and by changes in the 
axial and equatorial ligands (Section B,3). 

1. Mechanisms 

a. Homolytic Fission. The primary step in photolysis is homolytic fission 
to give a Co(I I) complex and a free radical; the radical will, of course, usually 
rapidly undergo further reactions (see Section VI,A). The similarity in the 
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nature of the products derived from the organo-ligand by photolysis and 
pyrolysis [see, for example, ref. (755)] suggests that homolytic fission is 
also the primary step in many pyrolytic reactions. Can homolysis occur in 
solution at or near room temperature ? One would expect this to occur most 
readily where reasonably stable radicals can be formed. Such may be the 
case with allyl, benzyl, and related compounds. 

Of the complexes [RCo(CR)Br] + , those where R is Me or Et are stable at 
room temperature, the benzyl complex decomposes at a measurable rate, 
while the allyl complex is too unstable to be isolated. The products of these 
reactions were not identified (737). Solutions of the complexes 
[RCo(DMG) 2 py] react with air at 40°C to give the corresponding peroxide 
complexes (ROOCo) when R is an allyl or benzyl group, while no reaction 
is observed even at 80°C when R is a purely aliphatic alkyl group (58). 
The benzyl pentacyanide is unstable towards air in solution (74), and 
benzylcobalamin is also reported to be unstable (767). Since 0 2 is unlikely 
to react directly with the undissociated ligand and it is difficult to envisage 
any other mechanism for the decomposition of the benzyl complexes, it 
seems reasonable to assume that the benzyl, and probably also the allyl, 
complexes react via homolytic fission to give Co(II) and free radicals. It 
should be mentioned that the complexes [ArCHMeCo(DMG) 2 py] 
react with 0 2 at room temperature (53) and decompose in both acid and 
alkaline solution, i.e., decomposition appears to be pH-dependent (763); 
but here the initial step is probably the elimination of Co—H (see Section f). 
The two anionic complexes shown below contain heteroaromatic analogues 
of benzyl and it was suggested that the nature of the products of decomposi¬ 
tion at pH 0-6 could most easily be explained on the assumption that 
decomposition occurred via homolysis (100, 102). 


it/ ^>—CH 2 —Co(CN) 4 H 2 Q 




l ^ —CHMe—C o(CN) 4 H 2 0 

- ^—NH+ 


It is possible that the general instability of secondary alkyl ligands such as 
isopropyl and cyclohexyl (see Section B,2) may also be due to homolytic 
fission at room temperature, but here also other mechanisms, such as the 
elimination of Co—H, are possible. 

b. Unimolecular (S N 1, S E 1) and Bimolecular (S N 2, S E 2) Reactions with 
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the Solvent. No simple heterolysis to give a carbonium ion (by an S N 1 
mechanism) or a carbanion (S E 1) has yet been reported. It seems possible, 
however, that the formation of the Co—C bond by the reaction of Co(III) 
complexes with compounds containing an active hydrogen (acetone, nitro- 
methane, malononitrile; see Section III,C) may occur via the intermediate 
formation of the anion, and that the reverse S E 1 dissociation might be 
observable under certain conditions. 

Most complexes with simple alkyl ligands, especially methyl, appear to be 
fairly stable towards both acid and alkali. The Co—C bond in methyl- 
cobalamin, for example, remains unbroken at room temperature in con¬ 
centrated H 2 S0 4 , water, and 10 M KOH [see ref. (136)). The organo-salen 
complexes are slowly decomposed by concentrated aqueous acid to give the 
hydrated Co(II) ion and the products of hydrolysis of the salen ligand 
(47). It cannot therefore be decided whether acid first attacks the salen or the 
alkyl group. One possible exception is trans- [Me 2 Co{(DO)(DOH)pn}], 
which reacts with acid to give methane (conditions and other products not 
mentioned) (41). Hydroxide will attack acyl ligands to give carboxylic acids 
but this probably occurs via the intermediate addition of HO - to the 
carbonyl function. This is considered as a transfer reaction (see Section 
VI,C,2). Certain of the higher alkyls are, however, attacked by alkali, but the 
products are olefins and Co(I) (159). There is, therefore, no established case 
of an S n 2 or S E 2 reaction of the simple alkyl ligands with HO - , H 2 0, or 
H + . S e 2 reactions do, however, occur with electrophiles such as Hg(II) 
(see Section VI,C,1). 

c. Intramolecular Displacement. Kwiatek (105) has reported a reaction 
which appears to be a good example of intramolecular displacement. 
Norbornenone reacts with [Co(CN) s H] J- to give two products, one of which 
(presumably the endo form) reacts with acid to give 1-hydroxynortricyclene, 
i.e. 



The reaction presumably involves protonation of the oxygen, followed by 
attack of the carbonium ion (C + —OH) on the coordinated, anionic carbon 
atom. (The exo form undergoes cyanide insertion in acid; see Section VI,D). 
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Another reaction which may proceed by intramolecular displacement is the 
decomposition of [BrCH 2 CH 2 CH 2 Co(DMG) 2 py] by cyanide to give 
cyclopropane (162). The pyridine is presumably displaced by cyanide, 
whose stronger donor power (see Section II,C) places a greater negative 
charge on the a-carbon atom of the organo-ligand and makes it more 
susceptible to attack by electrophiles. An intermediate which is probably 
the Co(CH 2 ) 3 X complex (32) can also be detected in the reaction of 
[Co n (CN) 5 ] 3- with I(CH 2 ) 3 X (X = Br, I) to give cyclopropane. 

No example of intramolecular displacement to give Co(I) has yet been 
reported. /3-Hydroxyethyl complexes are decomposed by alkali to give Co(I) 
and acetaldehyde, and it has been suggested (33) that this might proceed 
via the intermediate formation of the epoxide. But the results are more 
easily explained on the basis of the established mechanism involving the 
cis elimination of Co—H (see Section f). 

d. Elimination to give Co(III). The first reactions of this type to be 
discovered and elucidated relate to the 5-deoxyadenosylcorrinoids, w’hich 
are stable in neutral and alkaline solution, but are decomposed by heating 
in dilute acid and by the action of cyanide. Both these reactions were 
discovered by Barker and co-workers in 1958 in the course of isolating the 
compounds, i.e., before their structures were known. Decomposition in 
acid is probably initiated by protonation of the ring oxygen of the sugar, 
followed by elimination of Co(III) and oxygen (as ROH) from the « and 
/3-carbon atoms, respectively, i.e., 


ch 2 ==chchohchohchoh 

I 

N 

<x 

N 

Co 1 " + NH 2 

Decomposition by cyanide gives the same products (except that the sugar 
forms the cyanhydrin) and probably involves coordination of cyanide in the 
trans position, followed by the elimination of Co(III) and oxygen (as RO _ ) 
to give the olefin. For further references and discussion about both these 
reactions see Chapter 13 of ref. (136). These two methods of decomposition 



OH OH 

I I 

CH—CH 

/ \ 


' C °-N 
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can be written schematically as follows (the heterocyclic base is denoted 
byN): 

[N—Co—CH 2 —CHR—OR] 

(Stable) 



[NC—Co—CH 2 —CHR—OR] 
(Unstable) 


[NC-—Co'"] + CH 2 =CHR + RO- 


|n—Co— CH 2 —CHR—OC^J 
L (or H 2 0— Co) 

(Unstable) 

I 

[N—Co'"] + CH 2 =CHR + ROH 


This shows that the activation energy for elimination can be reduced by 
either increasing the electron density on the a-carbon (by ligands of greater 
donor strength) or decreasing the electron density on the /8-carbon. 

In 1965 Hogenkamp, Rush, and Swenson reported rate constants for the 
decomposition to ethylene of cobalamins containing the simpler ligands 
HOCH 2 CH 2 - and MeOCH 2 CH 2 - in dilute acid at 100°C, and suggested 
that the reaction involved protonation of the oxygen atom, followed by a 
concerted elimination of Co(III) and H 2 0 or MeOH (89). The same mechan¬ 
ism has also been suggested for the reactions of the analogous pentacyanides 
(105). A1,4-elimination has also been reported for a pentacyanide (105), viz., 


Co—CH 2 CH=CHCH 2 OH + H+ — Co(III) + CH 2 =CHCH=CH 2 


In 1965 Kwiatek and Seyler (110) reported that the pentacyanides 
containing allyl or phenacyl ligands react with acid to give the corresponding 
olefins and ketones. (Most organopentacyanides undergo cyanide insertion 
reactions in acid; see Section VI,D.) They proposed a mechanism involving 
initial protonation to form a complex with a positive charge on the /8-carbon, 
which can then lose Co(III) either directly or via the intermediate formation 
of a 77--olefin or Tr-enol complex. 

In none of the reactions discussed above is there any direct evidence as to 
whether elimination is cis or trans, concerted or stepwise, and, if stepwise, 
via the intermediate formation of a Co(III) 7r-complex. The very rapid 
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hydrolysis and alcoholysis of the complexes [CH 3 COOCHRCH 2 Co- 
(DMG) 2 py] does, however, suggest the intermediate formation of some 
complex which could be written as either a carbonium ion (CoCH 2 CHR + ) 
or, more likely, as the 7r-olefin complex (69) (see also Section V,B). 

No /3-bromo- or iodoalkyl complexes have yet been isolated. The reaction 
of vicinal dibromides or diiodides with [Co n (CN) 3 ] 3_ , [Co(CN) s H] 3_ , or a 
Co(I)-DMG complex merely gives the olefin (32, 75,105,109,161), though 
kinetic evidence was obtained for the intermediate formation of the (9-bromo 
complex in the reaction of [Co n (CN) 3 ] 3 ~ with a,j9-dibromopropionate and 
a,/9-dibromosuccinate (75). It is interesting that the pentacyanide produced 
is the bromo or iodo, and not the aquo, complex (32, 75), which suggests 
that the decomposition may involve a cis rather than a trans elimination of 
Co—X. The /9-chloroethyl complex can be prepared by the reaction of 
[Co(CN) 3 H] 3 - with C1CH 2 CH 2 I (105). 

e. Elimination to GiveCo(I). The first mechanism of this type was proposed 
by Kwiatek and Seyler (110) for the second step in the formation of nitriles 
from the organopentacyanides, but the individual steps in the reaction were 
established by Johnson, Tobe, and Wong (101, 102). The complexes 
[RC(=NH)Co(CN) 4 ]“, which are formed from [RCo(CN) 3 ] 3_ in acid, 
react in alkaline solution to yield nitriles. Johnson et al. suggested a mech¬ 
anism involving the loss of a proton from the nitrogen, followed by elimina¬ 
tion of Co(I), i.e., 


RCN 

Co' 


It is, of course, possible that there may be an intermediate in which the 
nitrile is rr-bonded to the metal. 

A second reaction of this type, discovered by Barnett, Hogenkamp, and 
Abeles in 1966 (7), is the decomposition of /J-cyanoethylcobalamin by alkali 
according to the equation 


CoCH 2 CH 2 CN + HO- — Co(I) + ch 2 =chcn + h 2 o 

The rate showed a first-order dependence on the concentrations of both 
hydroxide and the cobalt complex, and Hogenkamp (89) suggested that the 
initial step was the removal of a proton from the (9-carbon, followed by the 
elimination of Co(I). Schrauzer, Weber, and Beckham (159) were subse¬ 
quently able to show the formation of rr-olefin-Co(I) complexes in 
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the reversible formation and decomposition of complexes of the type 
[XCH 2 CHRCo(DMG) 2 py], where X is CN or COOEt, and they 
reported rate constants for some of these reactions (see also Sections 
III,A and V,C). We can, therefore write the general reaction 


RCH—CH 2 X 

I 

Co 


RCH=CHX 


Co' 


But it should be emphasized that there is no proof that the 77-olefin complex 
is an essential intermediate in any or all of these reactions. 

f. Cis Elimination of Co — H. In 1968 Jackman, Hamilton, and Lawlor 
(94) showed that the formation of adducts from [Co(CN) s H] 3 ~ and a,/3- 
unsaturated acids involved the stereospecific cis addition of Co—H to the 
olefinic bond (see also Section III,A), and Johnson, Tobe, and Wong (102) 
showed that the reaction of the hydride with a-vinylpyridine to give the 
a-(2-pyridioethyl)cobalt complex was reversible, though no direct evidence 
as to the mechanism was obtained. However, it seems reasonable to assume 
that the same cis addition or elimination operates in both cases. 

The cis elimination of Co—H was conclusively established by Gaudemer 
and co-workers (129) for the decomposition of [HOCH 2 CHPhCo(DMG) 2 - 
py] in methanol at 40°C, which gives PhCH 2 CHO and the Co(I) or cobalt 
hydride complex as the final products. They used the rapid cis addition of 
CoH to phenylacetylene (see Section III,A) to detect the intermediate 
formation of CoH and the origin of the hydrogen. The decomposition of the 
deuterated CoCHPhCD 2 OH in CH 3 OH in the presence of PhC=CH gave 
CoCHPh=CHD (and PhCH 2 CHO), i.e., the deuterium of Co—D 
originated from the /3-carbon of the original ligand, and decomposition of 
the undeuterated complex in CH 3 OD gave mainly PhCHDCHO, i.e., the 
formation of the aldehyde involved the uptake of a proton from the solvent 
and not an intramolecular hydride shift. They proposed a cis elimination 
of CoH, followed by isomerization of the enol to the aldehyde, i.e., 

PhCH—CHOH PhCH=CHOH 

| I -► + -► PhCHCHO 

Co H Co—H 


Hydroxy ethyl complexes, whether corrinoids (155), bis-DMG (162), 
or porphyrins (33), are all decomposed by alkali at room temperature to 
give Co(I) and acetaldehyde, and there has been considerable interest in 
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the possible mechanisms because of the fact that some of the corrinoid- 
catalyzed enzymatic reactions involve the isomerization of glycols to 
aldehydes (see Section VII,D). Johnson and co-workers (33) have suggested 
the intermediate formation of the epoxide, while Schrauzer [see, for example, 
ref. (i55)] favors a 1,2-hydride shift, i.e., 


/U 

HC—H n 

*ic 


CHO 

I 

CHj 


Co' 


but no experiments using deuterated ligand have yet been carried out. 
One could, however, equally well envisage a mechanism analogous to that 
established by Gaudemer, involving the cis elimination of CoH from the 
alkoxide, followed by isomerization of the vinyl alcohol, i.e., 


CH 2 —CH—O- CH 2 =CH—O- 

Co H * Co-H 


CHjCHO + Co 1 


This mechanism requires that the cis elimination of CoH occurs more 
readily with the alkoxide than the alcohol form of the ligand. Although this 
is possible, since alkoxides are better hydride donors than alcohols, Gaude¬ 
mer and colleagues did not study the pH dependence of their reaction, and 
there is therefore no direct experimental evidence on this point. Alkaline 
cleavage to give an aldehyde or ketone is also observed for DMG complexes 
with ligands such as -CH 2 CHMeOH(-»CH 3 COCH 3 ), -CHMeCH 2 
OH(^CH 3 CH 2 CHO), -CH 2 CHOHCH 2 OH(^CH 3 COCH 2 OH), but not 
-CH 2 CMe 2 OH (162, 155), and rate constants have been reported for 
several j8-hydroxyalkyl complexes of this type (155). 


2. The Effect of Substituents and Functional Groups 

Tables IV and V list examples to show the effect of functional groups 
and substituents on the course and rate of reactions involving cleavage of the 
Co—C bond in acid, neutral, and alkaline solution in the absence of any 
other added reagent. Transfer reactions involving HO - (see Section 
VI,C,2), cyanide insertion (VI,D,1), and irreversible reactions not involving 
cleavage of the Co—C bond (V,B) are also included in order to complete 
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TABLE IV 

Reactions Shown by Organo-ligands with Different Functional Groups 


Complexes: corrin Corrinoids 

DMG Bis-DMG complexes 
pc Pentacyanides 

(other abbreviations as given in Section I,B) 

Solution: H acid 1 

N neutral j approximate and qualitative, since the pH is usually not stated 
HO alkalinej 

Reactions/products: CN Cyanide insertion (see Section VI,D) 

hom. Probably homolytic fission (see Section B,1 ,a) 
isom. Isomerization of j9- to a-substituted ethyl complex (see text) 
Other products stated, where reported 
+ Reaction observed, but products not reported 
— No reaction observed 


1. Groups attached directly to the cobalt (Co—X) 


X Complexes Solution Reactions/products References 


-CH 3 


-CH 2 R 


-CHR 3 


-CR 3 

-CH=CHR(H) 


-CH=CH—Co 


-CH=C=CHj 

-C=CH 


All very stable to H and HO except: 
pc H CN 

(Me 3 Co{(DO)(DOH)pn}) 


110 

41 

136 

62, 136 
159 

105, 110 
74 
61 
163 
105 

77 

62, 136 
110 
105 
70 
99 
77 


no 
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TABLE IV continued 

1. Groups attached directly to the cobalt (Co—X) 


X 

Complexes 

Solution 

Reactions/products 

References 

-o 

pc 

H 


75 






NH 

tetracyanide 

H 

Co—COR 

101, 102 

-CR 


HO 

Co 1 , RCN 

101, 102, 110 

-COR 

corrin 

H 

— 

15, 77 



HO 

Co', RCOOH 

15, 180 

-COOR 

salen and 7-Me-salen 





H 

Co 3 , CO, ROH 

45 



HO 

— 

45 

-COC1 

corrin 

N 

+ 

126 

2. Substituted methyl ligands (Co—CHjX) 

X 

Complexes 

Solution 

Reactions/products 

References 

-H,R 

See under (1) 




-CH=CHR 

DMG 

H 

CHj=CHCHj R 





(R = H, Me) 

162 



N 

horn. (R = H, Me) 

58 


pc 

H 

CH 2 =CHCHj R 





(R = H. Me) 

109, 110 



N 

propene (R = H); butadiene 




and butenes (R = Me) 

109 



HO 

-(R = H); butadiene and 





butenes (R = Me) 

109 


CR 

N 

+(R = H) 

131 

-0 

pc 

H 

CN, horn. 

100, 101 



N, HO 


100,101 

(2,3,4-isomers) 

-CN 

pc 

H 


105 

-CHO 

DMG 

HO 

— 

162 

-COR 

pc 

H 

CHjCOR 

110 

-COOH 


H, HO 

— 

91a 

-COOR 

corrin 

H 

— 

91a 


DMG 

H, HO 


163 
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TABLE IV continued 

3. Substituted ethyl ligands (Co—CH jCHjX) 


X 

Complexes Solution 

Reactions/products 

References 

-H, R 

See under (1) 




-CN 

corrin 

H 

— 

89, 91a 



HO 

Co*, CHj=CHCN 

7, 89, 159 


DMG 

HO 

Co 1 , CH 2 =CHCN; also 




isom. 

159, 163 


(DPG) 2 

HO 

Co 1 , CHj=CHCN 

159 


(DMG-BFj), 

HO 

Co 1 , CHj=CHCN 

159 


porph 

HO 

— 

155 

-COOH 

corrin 

H, HO 

— 

89, 91a 


DMG 

HO 

— 

159 

-COOR 

corrin 

H 

— 

89, 91a 



HO 

Co 1 , CHj=CHCOOR 

89, 159 


DMG 

H 

CoCHjCHjCOOH 

163 



HO 

Co 1 , CH 2 =CHCOOR; 





also isom. 

159, 163 

-Cl 

pc 

N 

Apparently — 

105 

-Br 

DMG, pc 

N 

Co 1 , olefin (See section B,l,d) 

-F, I 

Not known 




-OH 

corrin 

H 

Co 1 , ethylene 

89 



HO 

— 

89 




Co 1 , CHjCHO 

155 


DMG 

H 

ethylene 

162 



HO 

Co 1 , CH 3 CHO 

162 


pc 

H 

ethylene 

105 



? HO 

Co—H, CH3COR 

103 


porph 

HO 

CHjCHO 

33 




— 

155 


(DMG—BFj ) 2 HO 

CHjCHO 

155 


salen 

HO 

CHjCHO 

155 


(DO)(DOH)pn 

HO 

CHjCHO 

155 

-OR 

corrin 

H 

Co 1 , ethylene 

89 



HO 

— 

89 


DMG 

H 

ethylene 

162 



HO 

— 

162 


pc 

H 

ethylene 

105 

-OCOR 

DMG 

N 

+ (Some Co—C cleavage in 




addition to rapid solvolysis) 69 

-NHj 

corrin 

H, HO 

— 

89 

-NR, + 

corrin 

H, HO 

— 

89 
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TABLE V 


Qualitative Comparison of the Stability of Pentacyanides [RCo(CNj)] 3 * 
Containing Primary, Secondary, and Tertiary Alkyl Ligands 0 


Ligand 

(R = H or CHj) 

Primary 

(-CH 3 X) 

Secondary 

(-CHMeX) 

Tertiary 

(-CMe 2 X) 

References 

—CR 2 -^ 

++ fe 

- 

- 

108 

—CR 2 —y_CN 


+ 


108 

-CRjR' 

+ + 

+ 

_ 

108 

-CRj—CH=CHs 

+ + 

+ 


108 

—CR ,—ft \ 

+ + 

+ 


108, 101, 102 

N=/ 





-CRjCOR' 

+ + 

++ 

— 

108 

-CRjCOOH 

+ + 

++ 

— 

75, 94 

-CRjCOOR' 

+ + 

++ 

+ 

108 

-CRjCN 

+ + 

++ 

++ 

108 


“++, Stable complex known; +, unstable complex known; - 1 -, no complex known. 
6 But see Table IV and Section B,l,a. 


the picture; but reversible changes such as the formation of Tr-allyl-Co(III)- 
tetracyanides and w-olefin-Co(I) complexes (see Section V,C) are excluded. 
The isomerization reactions mentioned in Table IV are reactions of the 
type 

Co—CH 2 CH 2 X Co—CHXCHj 

where X is CN or COOR ( 163 , 159 ). These reactions probably occur via the 
elimination of Co(I) and H + to give the olefin (see Section B,l,e), which 
then adds CoH to give the isomer (see III,A). 

The Tables are not comprehensive. Many other complexes have, of course, 
been prepared with these and other simple organo-ligands, but their 
reactions in solution have not been reported; and even where mention is 
made of complexes in neutral solution, we include only those which are 
reported to be unstable and exclude the numerous cases where no reaction 
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is observed. More complicated organo-ligands have been omitted from the 
tables, although a few (e.g., 5-deoxyadenosyl) provide good examples of 
particular reaction mechanisms and have been discussed in the previous 
section. The terms “acid” and “alkaline” are qualitative, since the pH and 
other experimental conditions are often not quoted. Differences in pH may 
explain discrepancies between the observations of different workers. 
Organo-cobalt-salen and BAE complexes are stated to dissolve in dilute 
acid without decomposition, but no individual complexes are specifically 
mentioned ( 49 , 47 ). 

Most of the examples listed are pentacyanide, corrinoid, or DMG 
complexes. The axial ligands are not identified in the tables, but are as 
follows: corrinoids, 5,6-dimethylbenziminazole (cobalamins), H 2 0 or 
none (cobinamides), (DMG) 2 , usually pyridine or H 2 0, less frequently 
NHj, imidazole, benzimidazole, PBu 3 , etc. The nature of the axial and 
equatorial ligands may have a striking effect on reactivity, but few direct 
comparisons are available; these are discussed in the next section. 

Table IV summarizes the effect of different functional groups attached to 
the cobalt and to the a- and /3-carbon atoms, while Table V shows more 
qualitatively the effect on the stability of the organopentacyanides of chang¬ 
ing the functional group and/or the number of methyl groups attached to 
the a-carbon. The data in Table IV show that if we neglect the cyanide 
insertion reactions, there are remarkable similarities between the penta- 
cyanides, corrinoids, and DMG complexes. There are even indications that 
the pattern of reactivity exhibited by the pentacyanides and shown in Table 
V may also apply to the other complexes. For example, DMG complexes 
with tertiary butyl ( 147 ) or the secondary alkyl ligands ArCHMeCo are 
unstable ( 163 , 129 , 58 ), perhaps also the isopropyl complex ( 163 , 147 ), 
while the complex with the tertiary ligand -CMe 2 CN can readily be 
prepared in good yield ( 163 ). Isopropyl-, cyclohexyl-, and ferf-butyl- 
corrinoids are also unstable ( 61 , 19 , 147 , 154 ). One would expect most 
other organocobalt(III) complexes to show the same general pattern of 
reactivity. 

The data of Tables IV and V show that the nature and position of the 
substituents exert a subtle control over the course and rate of reaction; 
compare, for example, -CH 2 CH 2 OH with -CH 2 CH 2 OR or-CH 2 CH 2 NH 2 . 
One of the most obvious features to emerge is that heterolysis to give Co(III) 
occurs in acid, and heterolysis to give Co(I) in alkaline solution, though 
there may be some exceptions to this general rule. For example, it has been 
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reported (163) that the alkaline cleavage of the a-acetylethyl-bis-DMG 
complexes gives mainly CHjCOCHjCHj and Co(III), with only small 
amounts of the products expected according to the reaction 

HO- + CHjCOCHMe—Co — CH 3 COCH=CH 2 + Co(I) + H 2 0 

One would expect that homolytic fission, and perhaps even the elimination 
of CoH, would occur in both acid and alkaline solution, but there is little 
information on this point. 

Table V indicates which organopentacyanides can and cannot be prepared 
and which are unstable. The inability to observe any given complex may, 
of course, be due to the nonformation of that complex rather than to its 
rapid decomposition; but, in view of the isolation of several unstable 
complexes, it seems reasonable to accept the inability to isolate a complex 
as circumstantial evidence for its instability. Examination of the data in 
Table V shows that instability may be enhanced by increasing either (1) the 
electropositive character or +1 inductive effect of the substituent (which is 
greatest at the top of the column of ligands in the table), or (2) the number of 
methyl (and presumably other) groups on the a-carbon. The destabilizing 
effect of replacing hydrogen by methyl can obviously be ascribed both to a 
greater inductive effect and to increased steric compression. It also opens up 
additional pathways such as the elimination of CoH (Section B,l,f). There 
is, unfortunately, little positive evidence as to the mechanisms involved in 
the decomposition of the secondary and tertiary ligands except that the 
a-(2-pyridyl)ethyl complex undergoes elimination of CoH (see Section 
B,l,f). Pentacyanides and other complexes with simple secondary alkyl 
ligands might decompose by homolytic fission, as in benzyl and allyl 
complexes (see Section B,l,a), or by the elimination of Co(I) to give an 
olefin, as apparently occurs with higher primary alkyls (see Table IV). 
The fact that cyclohexylcobalamin is stable in acid, but unstable in neutral 
and alkaline solution, and gives cyclohexene as the main organic product 
(154) supports the latter mechanism in this particular case. The 
PhCHMeCo(DMG) 2 complexes, on the other hand, are readily cleaved 
in mildly acid and alkaline solution (163). This suggests the occurrence of 
a pH-independent mechanism such as homolysis (as in the benzyl com¬ 
plexes) or elimination of CoH. 

A few complexes are known with substituents in the y- or S-positions, 
which allow one to see the effect of chain length. Of the DMG complexes 
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with the ligands Co(CH 2 )„Br, the j3-bromoethyl is probably formed as an 
unstable intermediate (see Section B,l,d), the y-bromopropyl will form 
cyclopropane on heating or on treating in solution with cyanide (see Section 
B,l,c), while the S-bromobutyl is apparently stable (162). No complexes of 
the type CoCH 2 Br are known. This shows the expected decrease in influence 
of the substituent as it moves away from the cobalt. Of the DMG complexes 
with the ligands Co(CH 2 )„OH, only the complex with n = 2 is unstable to 
acid, while those with n = 3 and 4 are both stable (162). 

3. Effect of the Axial and Equatorial Ligands 

There are many qualitative observations, but few direct quantitative 
comparisons, which demonstrate the effect of changing the axial (X) or 
equatorial (L 4 ) ligands. The main problem is that no quantitative studies 
have yet been made of the rates and equilibria of ligand substitution 
involving the axial ligand (X) in relevant organo-Co-DMG complexes and 
only a few involving the organocorrinoids. 

The decomposition of 5-deoxyadenosylcorrinoids [in which X is a 
heterocyclic base, H 2 0, or absent; see ref. (136)) to give Co(III) and an 
unsaturated sugar has already been discussed in Section B,l,d. These 
complexes are stable in neutral solution, but elimination occurs under the 
influence of either acid, which protonates the CoCH 2 CHROR' group, or 
cyanide, which becomes the axial ligand in the transient intermediate. The 
compound [5-deoxyadenosyl-Co(DMG) 2 py] is also decomposed by either 
acid or cyanide to give the unsaturated sugar (183, 155). /3-Hydroxyethyl 
complexes will liberate ethylene to give Co(III) in acid (see Table IV). 
In the case of the DMG complexes, at least, this occurs far more readily 
when X = CN“ (or, apparently, unspecified mercaptans or thiolate anions 
RS _ ) than when X = H 2 0, py, or PBuj (162). Another example, which has 
already been mentioned in Section B,l,c, is [Br(CH 2 ) 3 Co(DMG) 2 py], 
which liberates cyclopropane [and presumably Co(III)] on treating with 
cyanide (162). There are, therefore, several examples of reactions leading to 
the formation of Co(III), in which CN“ exerts a strong labilizing effect. 
Cyanide and 5,6-dimethylbenziminazole (Bzm) both exert a stronger 
labilizing effect than H 2 0 (or no ligand) in the transfer of carbanions to 
Hg(II) and Tl(III) ions (see Section C,l). One would expect that reactions 
leading to the loss of a carbanion and/or the formation of Co(III) would be 
accelerated by ligands of greater donor strength. Since numerous studies on 
the ground-state, thermodynamic, and kinetic properties of Co(III) 
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complexes have shown that the unidentate ligands can be placed in an order 
related to their donor power, and in particular that donor power falls in the 
order CN - > Bzm, py, NH 3 > H 2 0 (139, 78), the limited data available 
show that the effect of the axial ligand on the rate of heterolysis of the Co—C 
bond to give Co(III) parallels its effect on other ground-state, thermo¬ 
dynamic, and kinetic properties of the complexes. The cobalamin 
CoCH 2 CH 2 NMe 3 + (89) and the cobinamide CoCOOEt (184) are two other 
complexes which are decomposed by cyanide and presumably give Co(III), 
the former with ethylene and NMe 3 , the latter with CO and EtOH. 

A different order of ligands is found for reactions leading to the formation 
of Co(I). In the transfer reaction (see also Section C,2) 

HO- + CHjCO—Co — CHjCOOH + Co(I) 

the cobinamide (X = H 2 0 or absent) reacts about six times faster than the 
cobalamin (X = Bzm) (67). Cyanide appears to have no effect on the rate 
(180). The decomposition of /9-hydroxyethylcorrinoids according to the 
reaction 

HO- + HOCH 2 CH 2 —Co — CHjCHO + Co(I) + H 2 0 

is also faster for the cobinamide than the cobalamin (K 2 = 9.9 x 10 -4 and 
1.5 x 10 -4 M -1 sec -1 , respectively, at 27° C) (155). It is not known 
whether these cobinamides are five- or six-coordinate or mixtures; but the 
data suffice to establish the order of labilizing power of the axial ligands: 
H 2 0 or none > Bzm and possibly CN - . The order for heterolysis to give 
Co(I) is, therefore, the reverse of the order for heterolysis to give Co(III). 
Rate constants have also been reported for the reactions of hydroxide with 
solutions of the complexes [HOCH 2 CH 2 Co(DMG) 2 X], where X is H 2 0, 
benzimidazole or pyridine, to give Co(I) and CH 3 CHO (155), and of the 
complexes [NCCH 2 CH 2 Co(DMG) 2 X], where X is H 2 0, pyridine, or 
PBu 3 , to give the 7r-olefin-Co(I) complex (159), but the identity of the axial 
ligands under the experimental conditions was unfortunately not established. 

The decomposition of 4-pyridylmethyl- and a-(2-pyridyl)ethylpenta- 
cyanide, which probably involves homolytic fission (see Section B,l,a), 
occurs only after the loss of one cyanide to give the (presumably trans) 
organotetracyanoaquo complexes (100,102), i.e., in this case we observe the 
order H 2 0 > CN - . The decomposition of corrinoids possessing secondary 
alkyl ligands is accelerated by the addition or presence of bases and cyanide. 
Isopropylcobalamin is more unstable than the cobinamide (61) ; cyclohexyl- 
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cobinamide is decomposed by the addition of cyanide (19) and cyclohexyl- 
cobalamin by the addition of imidazole or cyanide (154). Both the cobalamins 
and cobinamides are five-coordinate (136), so that we have here the order: 
CN - , imidazole, Bzm > none. For possible mechanisms of reaction see 
the previous section. Cyanide will also slowly decompose methyl- and 
ethylcobalamin, but the reaction requires oxygen and the mechanism is 
unknown [see the discussion in Chapter 13 of ref. (136)]. 

In view of these examples of the pronounced effect of the nature of the 
axial ligand (X), comparisons of the effects of different equatorial ligands 
are obviously meaningful only when it is shown conclusively that X remains 
constant. Kinetic studies have been carried out with organocobalt(III) 
complexes possessing different equatorial ligands for reactions of ligands 
such as j3-cyanoethyl with hydroxide (159), /3-hydroxyethyl with hydroxide 
(155), and 5-deoxyadenosyl with acid, hydroxide, and cyanide (155). 
However, with none of these reactions has it been established that X 
remains constant for the complexes being compared. 

C. Transfer Reactions 

Transfer reactions are here defined as reactions in which a new bond is 
formed between the leaving organo-ligand (usually at the a-carbon) and 
the attacking reagent (but excluding a proton). The reaction of [Me 2 - 
Co{(DO)(DOH)pn}] with acid to give methane (41) has already been 
mentioned (Section B,l,b). Transfer may occur to electrophiles, nucleo¬ 
philes, metal ions, and possibly radicals. We consider first reactions of 
known or likely mechanisms involving transfer to electrophiles (Section 
C,l) and nucleophiles (C,2), then other reactions of unknown mechanism 
(C,3). 

1. Transfer to Electrophiles 

a. Hg(II) Ions. Many organocobalt(III) complexes react with Hg(II) 
ions 

R—Co + Hg(II) -* Co(III) + RHg+ 

The first reaction of this type, the reaction of HgCl 2 with [CH 3 Co(CN) 5 ] 3 ~ 
to give CHjHgCl was reported in 1964 (74). Since then work on the penta- 
cyanides, the corrinoids, and DMG complexes has provided an insight into 
several features of the reaction. 
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Adin and Espenson ( 1) have studied the kinetics and products of the 
reactions of [RCo(DMG) 2 H 2 0] with Hg(II) ions in aqueous HC10 4 . The 
reactions are first order with respect to both mercury and the cobalt complex. 
Since the rate is drastically reduced by addition of chloride ions [i.e., 
Hg(II) is more reactive than HgCl + , etc.], they concluded that the reaction 
proceeded by an S E 2 rather than an S E 1 mechanism. And since the rate is 
also reduced by substitution at the a-carbon (Me > Et > t'-Pr) but not at 
the /3-carbon (Et ~ «-Pr ~ t-Bu), they concluded that the Hg(II) ion attacks 
the coordinated carbon atom from the same side as the cobalt ion. One 
could envisage an intermediate in which the mercury is coordinated to 
one of the donor nitrogen atoms of the equatorial ligand. The lower rate of 
the ethyl compared to the methyl complex is associated with a much higher 
activation energy (AH = 20.5 and 16.2 kcal/mole, respectively). A kinetic 
cis effect was also observed. The equatorial (DMG) 2 ligand, which contains 
two =N—OH and two =N—O - groups and in which the two halves are 
held together by hydrogen bonds (=N—O - • • • H—O—N=), can reversibly 
pick up an additional proton to give a structure which probably contains 
three =N—OH groups and one =N—O" and hence only one hydrogen 
bond. In agreement with their greater electron-withdrawing power (which 
would destabilize the transition state, involving removal of the organoligand 
as the carbanion), these protonated complexes react at a far lower rate. 
The complex [CH 3 Co(DMG-BF 2 ) 2 H 2 0] also reacted more slowly than 
[CH 3 Co(DMG) 2 H 2 0], by a factor of at least 2 x 10 3 . This was ascribed to a 
combination of steric hindrance and greater electron-withdrawing power 
of the equatorial ligand ( 1 ). Rate constants have also been reported for the 
dealkylation of [RCo(DMG) 2 py] by mercury(II) acetate (160). The rates 
varied with R in the order Me > Et and other primary alkyls > secondary 
alkyls. Unfortunately, direct comparison with the above data for the aquo 
complexes, which would provide evidence for the relative trans-labilizing 
effect of H 2 0 and pyridine, is not possible because of differences in ionic 
strength and in the nature of the Hg(II) species. 

The organo-corrinoids show similar behavior, but also additional com¬ 
plications. Rate constants have been determined (84) for the attack of 
mercury(II) acetate on various organocobalt cobinamides (X = H 2 0 or 
absent) and cobalamins (X = 5,6-dimethylbenziminazole). The first 
complication, which has to be born in mind when comparing the cobin¬ 
amides with the cobalamins or DMG complexes, is that the organocobin- 
amides are partly (R = vinyl and methyl) or wholly (R = Et, n-Pr, t-Pr, 
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5-deoxyadenosyl) five-coordinate, while the organocobalamins are almost 
entirely six-coordinate. Secondly, analysis of the kinetics of attack on the 
organocobalamins is complicated by the fact that Hg(II) ions may complex 
with the heterocyclic base and displace it from coordination to the cobalt, 
thereby converting the cobalamin essentially into a cobinamide. As in the 
case of the DMG complexes, the addition of chloride ions lowers the rate 
(138). Comparison of the rate constants (84) shows, first, that the rate varies 
with the degree of substitution on the a-carbon in the order Me g> Et < z'-Pr. 
The greater rate of z'-Pr compared to Et, which is not observed in the DMG 
complexes, was ascribed to a weakening of the Co—C bond by steric 
compression within the secondary alkyl ligand and between it and the corrin 
ring and to associated electronic changes. There may, of course, also be a 
change in mechanism. Second, the heterocyclic base 5,6-dimethylbenzimin- 
azole exerts a trans-labilizing effect compared to H 2 0 (or, in the case of the 
five-coordinate cobinamides, no ligand) in all three cases where data are 
available (R = vinyl, Me, Et). Since the heterocyclic base is a better donor 
than HjO, this is the expected order of ligands for a reaction involving the 
removal of a carbanion. For some other data on organo-corrinoids see ref. 
(160). 

Finally, Bartlett and Johnson have investigated the reactions of the 2-, 3-, 
and 4-pyridiomethylpentacyanide complexes 


[™<D- 


CHj—C o(CN ) 5 


with Hg(II) and Tl(III) chloride complexes (5). Their rate constants show 
that reactivity decreases as the number of chloride ligands on the Hg(II) 
ion increases. In the absence of added chloride, however, HgCl 2 removes 
CN~ to give Hg(CN) 2 and the complex [RCo(CN) 4 H 2 0], which is not 
attacked by Hg(II) ions. This shows the labilizing effect of CN - compared 
to H 2 0, again in agreement with the expected order. 

The above results show that the reactions of all organocobalt(III) 
complexes with Hg(II) ions so far reported share several features in common. 
The reaction proceeds by an S E 2 mechanism and the rate is reduced 
[compared to that of the simple aquated Hg(II) ion with the methyl com¬ 
plex] by (1) complexing of the Hg(II), e.g., with chloride, (2) increased 
substitution on the a-carbon, and (3) reduced electron donation from the 
cis and/or trans ligands. 
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The in vivo formation of toxic methylmercury compounds probably 
involves methylation by methylcorrinoids [see Section VII,D and Chapter 
17 of ref .{136)\. 

b. Tl(lll), Ag(I), Co(III), and Pd(II). Several other metal cations have 
been tested for transalkylation reactions. As already mentioned, Tl(III) 
chloride complexes react with all three pyridiomethylpentacyanide com¬ 
plexes to give the correspondingorganothallium compounds. Reactivity falls 
in the order T1C1 2 + > T1C1 3 > T1C1 4 ~ and the rates are, in general, greater 
than those of Hg(II). Indium(III) chloride reacts rapidly and gallium(III) 
chloride slowly with the 4-pyridiomethyl complex, but the reaction pirob- 
ably involves merely abstraction of a cyanide ligand. No reactions were 
observed with AgNO ;i or H 2 PtCl 6 (8). Methylcobalamin also reacts with 
Tl(III) ions, but no organothallium compound was isolated. In the presence 
of chloride the sole product was methyl chloride. No reactions occurred 
with T1(I), In(III), Cd(II), or Pb(II) ions (2). 

Silver ions do not dealkylate organo-corrinoids at any significant rate, 
though they reversibly coordinate to the CoC=CH and CoCH=CH 2 groups 
(84). Silver ions do, however, react with [Me 2 Co{(DO)(DOH)pn}] to give 
metallic silver and ethane, presumably via the intermediate formation of 
the unstable AgCHj. The same complex will also react in methanol or 
aqueous THF at room temperature with the diaquo-Co(III) complexes of 
BAE, salen, saloph, and {(DO)(DOH)pn} and with aquocobalamin to give 
the methyl derivatives of the latter in 70-90% yield, i.e., there is apparently 
a transfer of the methyl anion from one Co(III) to another (41). 

Some very interesting transalkylation reactions involving Pd(II) 
complexes have recently been discovered by VoFpin and co-workers (175). 
[CH 2 =CHCH 2 Co(DMG) 2 py] reacts with PdCl 4 J ~ in methanol at room 
temperature to give bis(7r-allyl)palladium chloride. Solutions of Li 2 PdCl 4 
in methanol (or acetone, THF, MeCN, or HCONMe 2 ) will also catalyze 
the transfer of methyl from methyl-Co-salen, (DMG) 2 , and cobalamin 
complexes at 20°-25°C and even of phenyl from [PhCo(DMG) 2 py] at 
50° C to mono- and disubstituted olefins such as styrene, hexene, 1-octene, 
cyclohexene, vinyl acetate, and methyl acrylate. The reaction presumably 
occurs via the intermediate formation of a labile <r-organopalladium complex. 

R—Co + Pd(II) -*- Co(III) + R—Pd + 

R—Pd + + ^C=C. ->• .C=C. + ?Pd° 

R' R' 
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Several reactions of unknown mechanism with Pt and Au complexes are 
mentioned in Section C,3. 

c. Halogenating Agents, Methyl-, propyl-, vinyl-, and a-pyridylpenta- 
cyanide complexes react with iodine to give methyl, propyl, and vinyl 
iodide and a-iodopyridine, respectively (74, 75, 109). 5-Deoxyadenosyl- 
cobalamin gives the alkyl iodide by reaction with either iodine or iodine 
monochloride (13). Other primary alkyl, isopropyl, phenyl, and acyl 
complexes have been reported to react with iodine (13, 64, 174), but the 
organic products have not been identified. It would appear that the reaction 

R—Co + I, — RI + Co(III) 

is a fairly general one, but no systematic study has been made and no 
kinetic data reported. 

The complex [l-methylheptyl-Co(DMG) 2 py] reacts with bromine in 
acetic acid to give 1-methylheptyl bromide together with some 1-octene 
and 2-octene dibromides but no 1-methylheptyl acetate, which suggests 
either that there are competing mechanisms or that the predominant 
mechanism is unusual (55). 

The propylpentacyanide complex reacts with chlorine to form some 
propyl chloride (109). 

d. Nitrosating Agents. The reaction of nitrous acid with the three isomeric 
pyridiomethylpentacyanide complexes has been studied kinetically in 
aqueous perchloric acid (9). The reaction produces the oxime and the 
active species was identified as H 2 N0 2 + . 

HjNCV + ArCH 2 —Co — ArCHjNO — ArCH=NOH 

The rates are very fast and comparable with those of diazotization reactions. 
They vary with the nature of the isomer in the order 3 > 4 > 2. 

2. Transfer to Nucleophiles 

The only definite examples are the acyl transfer reactions of acylcorrinoids, 
discovered by Bernhauer and Irion (14), and later studied in more detail by 
Yamada et al. (180). These reactions can be written 

X- + RCO—Co — RCOX + Co(I) 


where R can be -CH 3 , -CH 2 NH 2 , or -CH 2 NHCOCH 3 , and X can be HO" 
or NHOH~ [see also the discussion in Chapter 13 of ref. (136)]. The 
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reaction presumably proceeds by the addition of the nucleophile to the 
a-carbon to give an intermediate, which rapidly eliminates Co(I), ie., 


R—CO—X + Co(I) 


Fukui etal. havefound thatacetylcobinamidereactsfasterthanthecobalamin 
with hydroxide (< 1/2 = 4 and 30 min, respectively, in 0.05 N KOH) (67). 
It is not known whether the cobinamide is five- or six-coordinate, but these 
relative rates establish the labilizing effect of the trans-axial ligand for 
heterolysis to give Co(I) as H 2 0 or none > 5,6-dimethylbenziminazole 
(see also Section B,3). 

Reactions which apparently involve transfer to nucleophiles such as 
thiols, cyanide, Grignard reagents, etc., are discussed in the next section. 


3. Transfer Reactions of Unknown Mechanism 
Enzymatic methylation of homocysteine (HSCH 2 CH 2 CHNH 2 COOH) 
by methylcobalamin to give methionine (CH 3 SCH 2 CH 2 CHNH 2 COOH) 
was discovered in 1962 by Woods and co-workers, who also noticed the 
occurrence of a much slower, nonenzymatic reaction giving the same 
products. Methylcobinamide showed the same activity as the cobalamin in 
both the enzymatic and nonenzymatic reactions (72, 71). It was subsequently 
discovered that HS - , MeS - , PhS - , and «-BuS~ will dealkylate a variety of 
methyl complexes [DMG, DMG-BF 2 , DPG, G, salen, (DO)(DOH)pn, 
cobalamin] and even ethyl-Co(DMG) 2 complexes to give the thioethers, 
and it was suggested that the reaction involved transfer of the carbonium 
ion to the attacking thiolate (161, 164), e.g., 


RS- + CHj—Co — RSCHj + Co(I) 

However, more recent work has shown that the reaction of thioglycollic acid 
(HSCH 2 COOH) with methylcobalamin to give the methyl thioether 
requires oxygen and shows an induction period [which can be reduced by 
increasing the pH, the thiol concentration, or the partial pressure of 0 2 , 
and eliminated by the addition of the Co(II) complex], followed by a steady- 
state reaction [ whose rate increases with pH, the concentration of the CH 3 Co 
and Co(II) complexes and the partial pressure of 0 2 , but is independent 
of thiol concentration]. Neither the induction period nor the steady-state 
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rate were affected by the addition of trace metals (3). This transfer reaction 
clearly cannot proceed by the simple mechanism given in the above equation. 
The simplest possible mechanism would involve attack by thiol radicals 
(formed in the autoxidation of thiols catalyzed by the simple Co(III) and 
Co(II) complexes), i.e., 

RS- + CHjCo — RSCHj + Co(II) 

Other more complicated mechanisms are conceivable. 

Other reactions which apparently involve transfer to nucleophiles include 
those of [MeCo(salen)] with MeMgl to give ethane as well as methane and 
H 2 (64), and of [MeCo(DMG) 2 X]complexes with CN“ and PhNMe- 
apparently to give MeCN and PhNMe 2 (161). The mechanisms of these 
processes have not been studied. Nevertheless it is known that the reaction 
of methyl- and ethylcobalamin with cyanide (products not known) requires 
oxygen, and shows an induction period [see Chapter 13 of ref. (136)]. 

The reaction of [MeCo(DMG) 2 py] in DMF with 1,4-butanedithiol in 
an atmosphere of C0 2 produces small amounts (up to 1%) of acetic acid 
in addition to methane (157). 

Several reactions involving metal ions are known which might involve 
the transfer of an alkyl radical. Rapid transfer of the alkyl group has been 
observed between [MeCo(BAE)H 2 0] and [Co n tfen] in both the forward 
and reverse directions, and from the ethyl, but not the pentafluoroethyl, 
analogue, and it was suggested that the reaction involved electron transfer 
accompanied by the transfer of the alkyl group (174a). Methyl chloride is 
formed by treating methylcobalamin with mixtures of PtCl 4 2- and PtCl 6 2- 
or of AuC 1 2 ~ and AuCl 4 “, but not with a single component alone, or with 
Fe(III) or [Fe(CN) 6 ] J ~ in the presence of chloride ions (2). 

D. Insertion and Elimination Reactions 

As already pointed out, the presence of a macrocyclic ligand, which 
occupies the four equatorial coordination sites of an octahedral complex, 
will tend to limit insertion and elimination reactions of the Co—C bond to 
those which require only that single coordination site. The presence of 
unidentate ligands in the pentacyanides, on the other hand, will offer 
greater opportunities for reactions which require a second, adjacent site. 

The following types of insertion and elimination reaction have been 
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observed with the macrocyclic (and, except for 4 and 5, with the penta- 
cyanide) complexes: 

m x / II 

(1) C=C + H—Co 1 t H—C—C—Co 

^ II 


(2) —C=C— + H—Co 


H' 


Co 


O 

t 

(3) S0 2 + R—Co -► R—S—Co 

O 

(4) 0 2 + R—Co -*■ ROO—Co 

(5) CO + RO—Co " -- ROCO—Co 

No insertion or elimination of CO, i.e., reaction (6) 


(6) CO + R—Co ■ RCO—Co 

has yet been observed with any macrocyclic complex, but the insertion of 
CNH (isoelectronic with CO), 


NH 

(7) CNH + R—Co -► R—C—Co 

and perhaps also the elimination of CO, occur with the pentacyanides. 
Reactions (4) and (7) appear to be the first examples of the insertion of 0 2 
and CNH into transition metal-alkyl bonds. Of these reactions only (3), 
(4), (6), and (7) involve insertion into a Co—C bond. The addition of CoH 
to olefins and acetylenes has been discussed in Section III,A, the reverse 
elimination of olefins in Section B,l,f, and the insertion of CO into Co—OR 
in Section III,C. 

Kwiatek and Seyler were the first to report that many organopenta- 
cyanides, when treated first with acid and then with alkali, liberate nitriles 
(110). This reaction occurs with unsubstituted primary and secondary 
alkyl, benzyl, vinyl, and phenyl complexes, while allyl, 2-oxo-, 2-hydroxy-, 
and 2-alkoxy complexes simply release the organo-ligand on treatment with 
acid, and 1-cyanoalkyl and a-pyridyl complexes are stable (105) (see also 
Table IV). The yield of nitrile is usually far from quantitative and is 
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accompanied by the formation of the corresponding acid and amide. The 
mechanism of this reaction was elucidated by Johnson, Tobe and, Wong 
in their kinetic study of the reactions of the 2-, 3-, and 4-pyridiomethyl- 
pentacyanides in perchloric acid at 25°-40°C (101). At pH < 1 one of the 
cyanides becomes protonated and the resultant complex undergoes re¬ 
arrangement involving insertion of CNH into the cobalt-alkyl bond. 

NH 1 

R—C— Co(CN)4 J 

The rates of reaction vary with the isomer in the order 3 > 4 > 2. The imido 
complex may then be hydrolyzed under more vigorous acid conditions to 
give ammonium ion and the carboxylic acid, probably via the intermediate 
formation of the acyl complex. In this case the 2-isomer reacts more rapidly 
than the others. Treatment of the imido complexes with alkali, however, 
liberates the nitrile (see also Section B,l,e): 

NH 1 

11 

R—C—Co(CN) 4 J + HO- — R—CN + H 2 0 + presumably [Co'(CN) 4 p- 

Similar reactions were also observed with the methyl- (101) and a-(2- 
pyridio)ethylpentacyanides (102), but in the latter case kinetic evidence 
was also obtained for insertion by the doubly protonated complex, viz., 
[RCo(CN) 3 (CNH) 2 ], as well as the singly protonated complex (102). 
Kwiatek reports that complexes containing groups very susceptible to 
rearrangement (such as neophyl) yield the unrearranged nitrile, indicating 
that the alkyl group remains bound in the complex during these reactions 
(105). Kinetic studies establish the presence of one or more CNH ligands 
in the complex which undergoes rearrangement, but they cannot decide 
whether it is CN - or CNH which undergoes insertion. The group CNH is, 
however, isoelectronic with CO, and the parallel between the insertion of 
CO and CNH is striking. It should be mentioned that the pyridio methyl 
and ethyl complexes undergo a different type of reaction at pH 0-6, involv¬ 
ing the loss of cyanide, followed probably by homolytic fission of the cobalt- 
alkyl bond (100-102) (see also Section B,l,a). 

No insertion of CO into a Co—C bond has been reported, although 
possible equilibria and reactions involving CO at a pressure of 1 atm have 
been examined with DMG (163, 80), salen (44), and corrinoid complexes 


[R—Co(CN) s ] + H+ ^ [R—Co(CN) 4 (CNH)] -* 
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(63, 66). However, vinylacetyl chloride (CH 2 ==CHCH 2 C0C1) reacts with 
[Co(CN) 5 H] 3 _ to give propylene, presumably via the intermediate formation 
of the butenoyl complex (CH 2 =CHCH 2 COCo), which then eliminates 
CO to form the unstable allyl complex (111, 105). No test has apparently 
been made for the possible insertion of CO by organopentacyanides. 

Yamamoto, Shono, and Shinra in 1967 (181) reported the reaction of the 
benzylpentacyanide with S0 2 to give the benzylsulfinate complex. Since 
then insertion reactions of the general type 

O 

t 

R—Co + SO z — R—S—Co 

i 

O 

have been reported for [MeCo(CN) 5 ] J - (98), [MeCo(BAE)H 2 0] (98), 
[RCo(salen)H 2 0], where R is Me and Et (128, 53, 98), [MeCo(saloph)- 
H 2 0] (53) and various DMG complexes where R is Me, Et, isopropyl, sec- 
octyl, and benzyl and X is py, isoquinoline, Me 2 S, PPh 3 , and AsPh 3 (53, 98). 
With the latter complexes reaction was clearly slower with secondary than 
with primary alkyl groups (98). Reactions were usually carried out in 
liquid S0 2 at atmospheric pressure, less frequently in liquid S0 2 in a sealed 
tube at or above room temperature, by passing gaseous S0 2 into a solution 
of the complex, or by condensing S0 2 onto the solid complex. The products 
were identified as the S-sulfinate complexes by infrared and NMR spectro¬ 
scopy and by synthesis via the reaction of RS0 2 C1 with the Co(I) or Co—H 
complexes. No insertion occurred with aryl-salenor aryl-(DMG) 2 complexes 
even under forcing condition (53). Some of the DMG complexes show 
additional reactions with S0 2 , which probably involve coordination of 
S0 2 in the position trans to the sulfinate ligand (53, 98). 

The sulfinate complexes do not lose S0 2 to reform the organocobalt 
complexes, even on heating (128, 53, 98). A thermogravimetric analysis of 
the compounds RS0 2 Co(salen), nH 2 0 (R = Me, Et, Ph, p-tolyl) showed 
peaks due to the removal of RS0 2 , while their mass spectra showed a 
very low abundance of the ions RCo(salen) + (53). However, the decomposi¬ 
tion of [PhCH 2 Co(CN) 5 ] in aqueous solution at 100°C gives PhCH 2 S0 3 H 
and PhCH 2 CONH 2 ; the latter presumably results from elimination of 
S0 2 , followed by insertion of cyanide and hydrolysis (181). 

Gaudemer and co-workers have reported both the photochemical (68) 
and thermal (58) insertion of 0 2 into the Co—C bond of the complexes 
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[RCo(DMG) 2 py] in solution in chloroform, acetone, or methanol according 
to the scheme. 

R—CO + 0 2 -► ROO—Co 

Thermal insertion occurs at room temperature when R is XCH 2 CHAr-, 
at 40° C when R is benzyl, allyl, or crotyl (in this case two isomeric peroxides 
are formed), but not even at 80° C when R is a simple primary alkyl group. 
The insertion of 0 2 clearly involves prior dissociation of the Co—C bond 
to give more reactive species. The a-arylethyl complexes are known to 
decompose spontaneously into CoH and styrene derivatives (see Section 
B,l,f). Oxygen will presumably react with the hydride or Co(I) to give the 
hydroperoxide complex, which then adds to the styrene. The benzyl and 
allyl complexes appear to undergo homolytic fission to give Co(II) and 
free radicals (see Section B,l,a); in this case 0 2 would react first with the 
radicals. 

The insertion of 0 2 occurs only after prior fission of the Co—C bond 
and requires only one coordination position. The insertion of CO into M—R 
bonds [see ref. (79)] and the insertion of CNH, however, both require two 
coordination positions. The insertion of S0 2 is of current interest (179). 
It has been shown that the mechanisms of insertion of CO and SO 2 are totally 
different. The insertion of CO into [MejCCHDCHDFe(CO) 2 (CjH 5 )] 
involves retention of configuration at the a-carbon, while insertion of S0 2 
involves ~80% inversion (177). The observation that the insertion of CNH 
(and possibly the elimination of CO) occurs with the pentacyanides, while 
neither the insertion nor elimination of CO occur with macrocyclic com¬ 
pounds, yet they can all undergo insertion of S0 2 , again emphasizes the 
difference in mechanism between CO and S0 2 . It has, in addition, been 
shown from the effect of substituents and bases on the rate that S0 2 reacts 
as an electrophile (179). Electrophilic attack, inversion, and the use of only 
one coordination site could all be explained by a mechanism involving 
transfer of a carbanion to the S0 2 , which attacks from the side opposite to 
cobalt, to give an ion pair of five-coordinate Co(III) and the sulfinate anion, 
followed by rotation of the anion to form the new Co—S bond. This is 
analogous to the reaction with Br 2 , which also involves inversion at the 
a-carbon (1 77). However, while Br 2 gives the uncharged RBr which diffuses 
away, S0 2 forms the negatively charged RS0 2 ~, which is held by electro¬ 
static attraction to the positively charged metal until formation of the 
Co—S bond. 
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E. Oxidation and Reduction 

Organocobalt(III) complexes are stable towards oxygen unless they 
undergo spontaneous fission of the Co—C bond to give Co(II), Co(I), or 
CoH complexes (see Section VI,B,l,a and D). Reactions with halogens are 
dealt with in Section VI,C,l,c. 

No systematic study has yet been made of reduction, but some interesting 
differences in reactivity are noticed. Reduction by borohydride leads to 
evolution of the hydrocarbon from [CH 3 Co(BAE)] (49) and various un¬ 
specified DMG complexes (161) [though see ref. (147)], while alkyl- and 
benzylpentacyanides (109) and most organocobalamins are stable. Excep¬ 
tions are cobalamins with the ligands -C=CH, -CH 2 COOH(-»-CH 3 - 
COOH), -CH 2 CF 3 , and -CH 2 S0 3 H [for references see Chapter 11 of ref. 
(136)]. On the other hand, the alkylcobalt(III) complexes [RCo(tim)X] 
and [RCo(CR)X], where R is methyl or benzyl and X is a halide ion, can 
be reduced by borohydride in methanol or by Na/Hg in acetonitrile to the 
alkylcobalt(I) complexes, which can be isolated and further alkylated to the 
trawr-dialkylcobalt(III) complexes (60). The alkylcobalt(III) complexes 
[RCo{(DO)(DOH)pn}X], where R is methyl, phenyl, or benzyl and X is 
HjO or I - , can also be reduced by borohydride in methanol, by CO in 
alkaline solution, or by Na/Hg in THF to organo-cobalt(I) complexes, 
which can be further alkylated to give franr-dialkylcobalt(III) complexes 
(45, 42). 

Catalytic hydrogenation with platinum liberates the hydrocarbon from 
methylcobalamin (57) and from alkyl-Co-DMG complexes (161), but not 
from pentacyanides with primary alkyl, vinyl, or benzyl ligands, though the 
cr-allyl complex yields propylene (109). Sodium sand gives mixtures of 
hydrocarbons with the alkyl-Co-salen complexes (64). Dithioerythritol 
will liberate methane from a variety of methyl complexes [cobalamin, 
DMG, DMG-BF 2 , G, DPG, CHD, salen, and (DO)(DOH)pn] (156), as 
will 1,4-butanedithiol from the DMG complex (157), and certain unspecified 
thiols will reduce DMG complexes with substituted alkyl ligands (e.g., 
Co-CH 2 COOH ^CH 3 COOH) (163, 164). Reaction with thiols can also 
lead to the formation of thioethers (see Section C,3). 

Most organopentacyanides are stable towards [Co(CN) s H] 3 ~, with the 
exception of allyl complexes which react to liberate propylene derivatives 
(105). This is one of the steps in the homogeneous hydrogenation of 
butadienes catalyzed by cobalt cyanide complexes (see Section VII,A). 
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It was suggested that reaction occurred by the transfer of a hydrogen atom 
to the y-carbon of the allyl group, i.e., 

Co—CH 2 —CH=CHR -»■ Co(II) + CH 2 =CH—CH 2 R 

+ Co + Co(II) 

Methyl and other organo-DMG complexes react with the Co(I) complexes 
to liberate the hydrocarbon (161,163). 

For studies on polarographic reduction see, for example, ref. (91) 
(corrinoids), (161, 163) (DMG) and (51) (DMG, salen, BAE). 


VII 

CATALYTIC AND ENZYMATIC REACTIONS 

The best known catalytic reactions are the homogeneous hydrogenations 
catalyzed by cobalt cyanide complexes (there are two different mechanisms, 
only one of which proceeds via the formation of an organocobalt complex) 
and the enzymatic reactions, which involve either isomerization (in this 
case the enzyme contains an organocobalt complex, but there is no evidence 
that the substrate forms an organocobalt complex) or the transfer of a 
methyl group (probably via the formation of a methylcobalt complex). A 
few other cobalt complexes have been reported to catalyze hydrogenations, 
and several cobalt complexes can catalyze the reduction of organic com¬ 
pounds by borohydride, etc. Cobalt cyanide complexes in the presence of 
hydrogen also catalyze H/D exchange (between organic compounds and 
the solvent or gas) and isomerization; but these reactions are usually observed 
merely as side reactions during hydrogenation. There is a need for a more 
systematic study of possible catalytic reactions other than the homogeneous 
hydrogenations catalyzed by cobalt cyanide complexes. The preferential 
reduction of -CC1 2 - groups to -CHC1- by borohydride in the presence of 
vitamin B 12 (12) and of-CCl 3 to CHC1 2 in the presence of Co(II) salen 
(116) is probably an indication of the type of reaction waiting to be dis¬ 
covered and perhaps developed for synthetic purposes. 

A. Homogeneous Hydrogenation Catalyzed by Cobalt Cyanide 
Complexes 

The cobalt cyanide complexes are excellent catalysts for the homogeneous 
hydrogenation at room temperature of a variety of organic (and inorganic) 
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compounds, and these reactions have been extensively studied for their 
academic and potential industrial interest. There is probably no other 
catalyst which can hydrogenate such a wide range of substrates under such 
mild conditions. The homogeneous hydrogenation of isatin and cinnamic 
acid was discovered by Iguchi in 1942 (93). Since then the list has been 
extended to include the reduction of compounds such as organic halides to 
paraffins; diolefins and other conjugated olefins to olefins; styrene to ethyl¬ 
benzene; a,/9-unsaturated acids to saturated acids; benzaldehyde to benzyl 
alcohol; quinones to hydroquinones; epoxides to alcohols; nitrobenzene to 
azobenzene, hydrazobenzene, and aniline; oximes to amines; ketones with 
ammonia to amines. Small differences in structure can cause large differences 
in the ease of reduction, e.g., crotonaldehyde and methacrylic acid are 
reduced at room temperature, but crotonic acid, methacrolein, acrylic acid, 
and acrolein are not, while styrene derivatives (PhCH=CHR) are reduced 
when R is H or CH 2 OH but not CH 3 (107). Kwiatek (105) has reviewed the 
literature up to 1967. For additional more recent examples of catalytic 
hydrogenation by cobalt cyanide complexes see refs. (10,132, 108,103). In 
most cases hydrogenation proceeds readily at room temperature and a 
pressure of 1 atm of hydrogen. The reactions are usually carried out in 
aqueous or methanolic solutions, in which the cobalt complexes are soluble, 
but two-phase systems can be used, e.g., in the hydrogenation of styrene 
or benzoquinone dissolved in benzene. 

The main initial complex formed on mixing solutions of, for example, 
cobalt chloride and potassium cyanide, is the five-coordinate [Co“(CN) 3 ] 3- 
(141), which is hereafter written Co 2 . This rapidly adsorbs H 2 to give 
[Co m (CN)jH] 3 ~ as the major product (6). This hydride (written Co—H) 
is considered to be the real hydrogenating agent and behaves as though it 
were a source of hydrogen atoms. There are two different mechanisms 
for the homogeneous hydrogenation of organic compounds catalyzed by 
cobalt cyanide complexes. The first mechanism (I), proposed by Kwiatek 
(107) for the hydrogenation of butadiene to butenes, involves the inter¬ 
mediate formation of an organocobalt complex, which reacts with Co—H 
to give the reduced product. The second mechanism (II), proposed by 
Simandi and Nagy (166) for the reduction of cinnamic acid, involves the 
intermediate formation of a free radical, which can then abstract a hydrogen 
atom from Co—H to give the reduced product. For either mechanism the 
formation of a stable organocobalt complex which does not dissociate to 
give a radical or olefin and is not cleaved reductively by Co—H is tantamount 
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to the “poisoning” of the catalyst, and the effects of small differences in 
structure on the reducibility of organic compounds are probably related 
mainly to the stability of the organocobalt complex. The evidence for and 
chief features of these mechanisms can be summarized as follows. 

1. Mechanism I. Via an Organocobalt Complex 

Butadiene reacts rapidly with 1 mole of Co—H, but not with Co 2 , to 
give an organocobalt complex or complexes. These adducts will react 
directly with Co—H to form butenes, or decompose under nitrogen to give 
an equimolar mixture of butadiene and butenes. Reduction with D 2 
showed that not only the butenes, but also recovered butadiene, contained 
some deuterium. Butenes, on the other hand, neither form adducts with 
Co—H or Co 2 nor undergo catalyzed exchange with D 2 0 (105). The 
formation of the organocobalt complex (Co—R) is therefore reversible, 
while the formation of butenes is irreversible, i.e., 

CoH + butadiene ^ Co—R 
Co—R + Co—H -*• 2Co 2 + butenes 

Variation of the CN/Co ratio brings about a striking change in the ratio 
of butene isomers produced (107, 170, 168). Compare, for example, the 
following percentages (107): 


CN/Co 

1-Butene I 

‘rans-2-butene 

ci's-2-butene 

4.5 

13 

86 

! 

6.0 

85 

12 

3 


It was suggested that this change in product distribution was due to the 
existence of an equilibrium between two types of complex, viz., a cr-butenyl- 
pentacyanocobaltate(III) and a 7r-butenyltetracyanocobaltate(III) (107, 
109). However, further study of the kinetics and product distribution 
suggested the presence of two cr-bonded complexes, viz., cr-but-l-en-3-yl 
and <7-but-2-en-l-yl (24a). Direct evidence for the existence of a cyanide- 
dependent equilibrium between the a- and 7r-bonded organocyanide 
complexes has been obtained from NMR studies of the complex prepared 
by the reaction of allyl halides with Co—H (109) (see also Section V,C). 
Both butadiene and crotyl chloride react with Co—H to give the same 
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product, whose NMR spectrum is consistent with its formulation as the 
a-but-2-en-l-yl complex, but the observation of any o-n equilibrium is 
hindered by the decomposition of the complex (109). Attempts to isolate 
and study the adducts of other reducible conjugated olefins have failed (105). 
A similar high proportion of the terminal olefin is also found in the hydro¬ 
genation at high CN/Co ratios of isoprene (108, 171), 1,3-pentadiene (108), 
and 2,3-dimethylbutadiene (105). Evidence for the intermediate formation 
of organocobalt complexes is also provided by the stereospecificity observed 
in the hydrogenation of phenylethynecarboxylic acid (10) and certain epox¬ 
ides (106, 103) (see also Section III,A). 

2. Mechanism II. Via a Free Radical 

Simandi and Nagy studied the kinetics of the catalyzed hydrogenation of 
cinnamic acid (S) to dihydrocinnamic acid (SH 2 ) under steady-state 
conditions (166). They concluded that the kinetically important reactions 
were the two successive transfers of hydrogen atoms, viz., 

Co—H + S — Co* + SH* 

Co—H + SH* — Co* + SH 2 

and that any scheme involving the direct reaction of Co—R (i.e., Co—SH) 
with Co—H was incompatible with their results. The intermediate formation 
of Co—SH in the reaction of Co—H with S cannot, however, be excluded 
on kinetic grounds. In fact, there probably exists a rapid and reversible 
equilibrium: 

Co—SH ^ Co* + SH* 

Evidence for the intermediate formation of a free radical comes from 
labeling experiments, which show that both reduction and isomerization, 
which sometimes proceeds concurrently, are nonstereospecific (94, 10). 

The catalytic hydrogenation of alkyl halides (RX) probably also proceeds 
via the intermediate formation of free radicals, which are formed in this 
case by the abstraction of a halogen atom (see Section III,B). 

Co* + RX — Co—X + R* 

The free radical can then react in several ways, e.g., 

R* + Co—H -* RH + Co* 


R* + Co* —► Co—R (see also Section III,B) 
R- + R* — RR 
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Since organoeobalt complexes containing primary alkyl (but excluding 
allyl—see above) or benzyl groups are stable to dissociation and to reduc¬ 
tion by Co—H, their formation leads to poisoning of the system, and 
the degree of poisoning will depend on the relative rates of the above 
reactions. The hydrogenation of optically active l-bromo-2,2-diphenyl- 
cyclopropanecarboxylic acid occurs with loss of activity, which shows that 
the reduction of alkyl halides, like that of <x,/?-unsaturated acids, is non¬ 
stereospecific and provides evidence for the intermediate formation of a 
free radical (108). 


8. Other Catalytic Reductions and Hydrogenations 
Only a few other cobalt complexes of the type covered in this review (and 
therefore excluding, for example, the cobalt carbonyls) have been reported 
to act as catalysts for homogeneous hydrogenation. The complex Co(DMG ) 2 
will catalyze the hydrogenation of benzil (PhCOCOPh) to benzoin 
(PhCHOHCOPh). When this reaction is carried out in the presence of 
quinine, the product shows optical activity. The degree of optical purity 
varies with the nature of the solvent and reaches a maximum of 61.5% in 
benzene. It was concluded that asymmetric synthesis occurred via the 
formation of an organoeobalt complex in which quinine was coordinated 
in the trans position (133). Both Co(DMG ) 2 and cobalamin-cobalt(II) in 
methanol will catalyze the following reductive methylations: 

PhNHR + HCHO + H 2 — PhNRCHj + H 2 0 (R = H or CH S ) 

RSH + HCHO + H 2 — RSCHj + H 2 0 (R not stated) 

An intermediate could be isolated in the case of aniline and Co(DMG ) 2 
and indirect evidence suggested the presence of a PhNHCH 2 —Co bond 
(164, 165). 

Many of these cobalt complexes will catalyze the reduction of organic 
compounds by borohydride, hydrazine, thiols, etc. Cobalt cyanide com¬ 
plexes will catalyze the reduction of <x,j9-unsaturated acids by borohydride 
(105); DMG complexes the reduction of butadiene and isoprene by 
borohydride, but not by H 2 (124); Co(II) salen, the reduction of CHC1 3 
and CH 3 CCI 3 to the dichloro compounds by borohydride (116); and 
cyanocobalamin, the selective reduction of -CC1 2 - by borohydride to 
-CHC1- in compounds such as aldrin, isodrin, dieldrin, and endrin without 
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attacking either the olefinic bond or the epoxide rings (12). Cyanide com¬ 
plexes will also reduce butadiene to butenes in the absence of H 2 , but in 
the presence of C0 2 or various oxy acids (172, 173), and the reduction of 
atropic acid by cobalt cyanide complexes in the presence of L-isoleucine 
yields hydratropic acid showing slight optical rotation (133). For some 
other examples see ref. (105). 


C. Exchange and Isomerization 

H/D exchange and isomerization are sometimes observed as side reactions 
during hydrogenations catalyzed by cobalt cyanide complexes by either 
of the two mechanisms described in Section VI I, A. As already mentioned, 
exchange occurs between butadiene and D 2 0 (107), presumably via the 
rearrangement of the a- to the ir-allylic type of complex. A reversible 
rearrangement of the a-alkyl-Co(III) into the Tj-olefin-Co(I) complex (see 
Section V,C) probably explains the exchange of the protons in the organo- 
ligands in the complexes [NCCH 2 CHRCo(DMG) 2 py], where R = H 
or CN, and D 2 0 in the solvent mixture (159). The slow decomposition of 
a-(2-pyridio)ethylpentacyanocobaltate(III) in D 2 0 yields 2-vinylpyridine, 
in which only the terminal protons have exchanged, and 2-ethylpyridine, 
in which all three a-protons but only one of the two /3-protons have ex¬ 
changed. This probably occurs via the reversible addition of [Co(CN) 5 D] 3- 
to 2-vinylpyridine (102). The reduction of sorbic acid to 2- and 3-hexenoic 
acids is apparently accompanied by exchange on the S-carbon atoms (117). 
Exchange will, of course, accompany isomerization, but slow exchange in 
the absence of any other complicating reactions has been observed at the 
j8-position of 4,5,5-trimethylcyclopent-l-ene-4-dicarboxylic acid (94). 

Isomerization has been observed with many a,/3-unsaturated carboxylic 
acids such as cir-cinnamic (10), angelic, maleic, and itaconic acids (94). 
The possibility of catalyzing the interconversion of, for example, 2-ethyl- 
butadiene and 3-methylpenta- 1,3-diene has not apparently been explored. 
The cobalt cyanide hydride will also catalyze the isomerization of epoxides 
to ketones (even terminal epoxides give ketones, not aldehydes) as well as 
their reduction to alcohols. Since the yield of ketone increases with pH, it 
was suggested that reduction involved reaction with the hydride 
[Co m (CN) 5 H] 3_ and isomerization reaction with [Co'(CN) 5 ] (103). A 
related reaction is the decomposition of 2-bromoethanol to acetaldehyde 
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catalyzed by [Co'(DMG) 2 ]' in alkaline solution, for which the individual 
steps in the reaction are known (150). 

ch 2 oh ch 2 oh cho 

! -Br- I +HO- I 

CH 2 Br -► CH 2 -► CHj 

+ Co' Co + Co' 

It is interesting that some of the enzymatic reactions involve the rearrange¬ 
ment of diols to aldehydes (see below). 

D. Enzymatic Reactions 

The reactions which are catalyzed by enzymes containing cobalt corrinoids 
can be classified into three groups. 

1. Transfer of Methyl Groups (See Table VI) 

The corrinoids involved in methyl group transfer do not possess the 
organo-ligand 5'-deoxyadenosyl [see structure (II), Section I,B] and the 
reaction probably proceeds via the intermediate formation of the methyl 
cobalt complex, but no mechanistic details have yet been established. 


TABLE VI 

Methyl Transfer Reactions Catalysed by Corrinoid-Containing Enzymes 


Substrates 



From 

To 

Product 

N 5 -Methyltetrahydrofolic acid 
Methylcobalamin 0 

Homocysteine 

Methionine 

N 5 -Methyltetrahydrofolic acid 

Various methylcorrinoids 0 

CH 3 OH 

Various reducing agents 

ch 4 

CH 3 OH 

B i2S 

Methylcobalamin 

N 5 -Methyltetrahydrofolic acid 

co 2 

CHjCOOH 

Methylcobalamin 0 

Hg 1+ 

CH 3 Hg + 


“ Free methylcorrinoids, i.e., not bound to the apozenzyme; these are not, of course, 
natural substrates. 


Some analogous in vitro reactions of methylcobalt complexes are known, 
e.g., the methylation of thiols (see Section VI,C,3) and of mercury(II) 



i 


TABLE VII 

“Isomerase” Reactions Catalyzed by Enzymes Containing 5'-Deoxyadenosylcorrinoids 

(§)© 

I 1 _ II 




H H 

H H 


Substrate 

R, 

r 2 

Ri 

Product 



Irreversible reactions 


Ethane-1,2-diol 

H 

OH 

OH 

Acetaldehyde 

Propane-1,2-diol 

CH, 

OH 

OH 

Propionaldehyde 

Glycerol 

HOCHj 

OH 

OH 

j8-Hydroxypropionaldehyde 

Ethanolamine 

H 

NH 2 

OH 

Acetaldehyde + NH 3 

3,6-Diaminohexanoate 

H 

NH 2 

-CHjCHNHjCHjCOOR 

3,5-Diaminohexanoate 



Reversible reactions 


L-Glutamate 

H 

-CHNHjCOOH 

COOH 

threo- |3-methylaspartate 

Succinyl-coenzyme A 

H 

-COSR 

COOH 

L-Methylmalonyl coenzyme 
A 
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ions (see Section VI,C,l,a). The sinister aspects of mercury pollution are 
due to the conversion of inorganic forms of mercury into the far more toxic 
methylmercury compounds by this reaction. 

2. “ Isomerase ” Reactions (see Table VII) 

The enzymes in the so-called “isomerase” reactions contain S'-deoxy- 
adenosylcorrinoids. Labeling experiments have been used to identify the 
C, H, and O atoms which have moved in the course of the rearrangement 
and to show that during the reaction the hydrogen atoms of the substrate 
exchange with the hydrogen atoms of the C-5' atom coordinated to the 
cobalt ion, but not with the solvent. There is also some spectroscopic evi¬ 
dence that the Co—C bond is broken during the reaction. 

3. Ribonucleoside Triphosphate Reduction 

The reduction of ribonucleoside triphosphates by various dithiols which 
are capable of intramolecular cyclization on oxidation (dihydrolipoate, 
dithioerythritol, dithiothreitol) yields 2'-deoxyribonucleoside triphosphates. 
These reactions also require 5-deoxyadenosylcorrinoids. 

For further details and references see Chapter 17 of ref. (136). 
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In the previous volume of this series, an article entitled “Organo- 
Transition Metal Chemistry—A Guide to the Literature 1950-1970” (1) 
attempted to list a majority of the textual sources of information concerning 
transition metal organometallics which have appeared over the last two 
decades. Since the preparation of that survey, a large number of important 
new contributions have appeared. In the present account, the new review 
literature has been surveyed up to the end of 1971. In addition, several 
books and articles omitted from the earlier survey are included. 

As mentioned briefly in the earlier volume, the most important new 
developments have been the publication of the first volumes in two series 
devoted in the main to various aspects of organometallic chemistry, and the 
production of a volume supplementary to the main Gmelin treatment of 
inorganic chemistry, solely concerned with the organic derivatives of 
vanadium and chromium. Unfortunately, the primary literature continues 
to increase and diversify, several new journals making their first appearance 
and including papers of interest to organometallic chemists. One contrac¬ 
tion, at least in name, has been the absorption of Organometallic Chemistry 
Reviews into the Journal of Organometallic Chemistry. However, this now 
results in the latter journal being published in some ten volumes of about 
500 pages each, at a price which puts it quite out of reach of all but the most 
wealthy individuals. 

The past year has seen two important International Conferences devoted 
either entirely or in part to organometallic chemistry. These were the 5th 
International Conference on Organometallic Chemistry, held in Moscow, 
USSR, and the 23rd IUPAC Conference, at Boston, Massachusetts. 
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The second edition of the well-known “Red Book,” the definitive 
recommendations of the IUPAC Commission on Nomenclature of In¬ 
organic Chemistry, appeared in Pure Appl. Chetn., 28, 1-110 (1971). It is 
also available separately as a hard-bound reprint. In this edition, the rules 
for naming organometallic compounds have been completely revised and 
extended, with introduction of the ij nomenclature for organic ligands. 

A. New Textbooks 

This section lists a number of new books dealing either wholly or in part 
with organo-transition metal chemistry. Reference numbers follow those 
in the list given in reference ( 1 ). 

A60. J. P. Candlin, K. A. Taylor, and D. T. Thompson, “Reactions of Transition-Metal 
Complexes.” Elsevier, Amsterdam, 1968. A review of types of reactions of metal 
complexes (e.g., substitution, combination, redox); reactions with various reagents 
(e.g., hydrocarbons, halides, carbon monoxide, and isonitrile); and preparation of 
new stabilised organic systems (e.g., metallocenes, carbenes). Intended for research 
workers, consequently written at a fairly high level, with emphasis on organometallics. 
A61. H. J. Keller, “NMR-Untersuchungen an Komplexverbindungen.” Springer, Berlin, 
1970. Expansion of review article 37.1. 

A62. A. N. Nesmeyanov, “Khimiya ferrotsena.” Nauka, Moscow, 1969. Collection of 127 
of the author’s published papers on ferrocene chemistry. 

A63. E. W. Neuse and H. Rosenberg, “Metallocene Polymers." Dekker, New York, 1970. 

Comprehensive survey of metallocene macromolecules. 

A64. O. N. Temkin and R. M. Flid, “Kataliticheskie prevrashcheniya atsetilenovykh 
soedinenii v rastvorakh kompleksov metallov.” (Catalytic conversion of acetylenic 
compounds in solutions of metal complexes.) Naukp, Moscow, 1968. 

A6S. N. N. Korneev, “Complex Organometallic Catalysts,” translated from the Russian 
original by Israel Program for Scientific Translations, Jerusalem, 1971. 

A66. L. Malatesta and F. Bonati, “Isocyanide Complexes of Metals.” Wiley (Interscience), 
New York, 1969. Expansion and updating of review article 43.6. 

A67. V. I, Lyubimov, “Biokhimiya Fiksatsii Molekulyarnogo Azota” (Biochemistry of the 
fixation of molecular nitrogen). Nauka, Moscow, 1960. 

Two publishers have commenced publication of a series of texts con¬ 
cerned with various aspects of organometallic chemistry, and the volumes 
which are currently available follow. 

“Organometallic Chemistry,” a series of monographs. Series editors, P. M. Maitlis, 
F. G. A. Stone, and R. West. Academic Press, New York. 

A68. B. G. Ramsey, “Electronic Transitions in Organometalloids,” 1969. Confined to 
electronic spectra of Main Group Organometallics. 

A69. R. C. Poller, “The Chemistry of Organotin Compounds,” 1970. 

AS1. R. N. Grimes, “Carboranes,” 1970. 

A70. P. M. Maitlis, “The Organic Chemistry of Palladium,” 1971. 

70.1 Volume 1, Metal Complexes. Describes the organopalladium complexes con¬ 
taining Pd—C a bonds, hydrides, olefins and acetylenes, dienes, rr-allylic 
groups, cyclopentadienyls, and benzenes. 

70.2 Volume 2, Catalytic Reactions. An account of palladium-catalyzed reactions 
involving formation of C—C, C—O, C—H, C-halogen, C—N, C—S, or 
C—Si bonds, and heterogeneous reactions. 
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“The Chemistry of Organometallic Compounds.” Series editor, D. Seyferth. 
Wiley, New York. 

A26. M. Rosenblum, “Chemistry of the Iron Group Metallocenes: Ferrocene, Rutheno- 
cene, Osmocene,” volume 1, 1965. 

A71. H. Shapiro and F. W. Frey, “The Organic Compounds of Lead.” 1968. 

A72. W. P. Neumann, “The Organic Chemistry of Tin.” 1970. Translation and up¬ 
dating of “ Die organische Chemie des Zinns.” Ferdinand Enke Verlag, Stuttgart, 
1967. 

A73. G. O. Doak and L. D. Freedman, “Organometallic Compounds of Arsenic, 
Antimony and Bismuth.” 1970. 

A74. M. Lesbre, P. Mazerolles, and J. Satgl, “The Organic Compounds of Germanium.” 
1971. 

74.1 Chapter 10, section 3: Organogermanium-transition metal complexes, 
pp. 672-688. 


Compilations of Articles on Organometallic Themes 

A75. R. Ugo, ed., “Aspects of Homogeneous Catalysis.” Carlo Manfredi, Milan. Volume 1 

(1970) contains: 

75.1 R. S. Coffey: Recent advances in homogeneous hydrogenation of carbon-carbon 
multiple bonds, pp. 5-76. 

75.2 G. P. Chiusoli: Stereoselectivity in organic synthesis involving nickel-co¬ 
ordinated intermediates, pp. 77-107. 

75.3 G. Lefebvre and Y. Chauvin: Dimerisation and codimerisation of olefinic 
compounds by coordination catalysis, pp. 108-203. 

75.4 A. Andreetta, F. Conti, and G. F. Ferrari: Selective homogeneous hydro¬ 
genation of dienes and polyenes to monoenes, pp. 204-295. 

The MTP International Review of Chemistry will appear in three series 
of eleven volumes each, together with three index volumes, surveying the 
period 1967-1971, concentrating on the last two years. Subsequent series 
will cover the periods 1971-1973, and 1974-1975. Each volume consists of 
a series of reviews by individual authors. At the time of writing these volumes 
had not appeared, and the exact topics covered will be detailed later. 

A76. MTP International Review of Science. Inorganic Chemistry Series One. Butter- 

worths, London, and University Park, Baltimore, Maryland. 


Other Books Containing Articles of Relevance to Organometallic Chemistry 
A77. C. Keller, “The Chemistry of the Transuranium Elements.” Verlag Chemie, 
Weinheim, 1971. Chapter 8, Organometallic compounds of the actinides, pp. 187-193 
(36).* Not as comprehensive as reference 4.39. 

A78. M. J. Udy, ed., “Chromium,” ACS Monograph No. 132. Reinhold, New York, 1956. 
Volume 1: Chemistry of chromium and its compounds. Chapter 6, M. C. Udy: The 
physical and chemical properties of compounds of chromium. The last section, 
pp. 240-246, organometallic chromium compounds, is almost entirely concerned 
with a discussion of polyphenylchromium compounds, at the time of writing not 
recognized as bis-rr-arenechromium derivatives. 

• Figures in parentheses indicate number of references quoted in each article. 
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A79. J. P. Snyder, ed.: “Nonbenzenoid Aromatics.” Academic Press, New York. 
Volume 2 (1971) contains: 

79.1 P. M. Maitlis and K. W. Eberius: Cyclobutadiene-metal complexes, pp. 359-409 
(158). 

A80. I. Ugi, ed.: “Isonitrile Chemistry.” Academic Press, New York, 1971. Contains: 

80.1 A. Vogler: Coordinated isonitriles. 

A81. J. Falbe, “Synthesen mit Kohlenmonoxyd.” Springer, Berlin, 1967. Surveys indus¬ 
trial syntheses based on carbon monoxide, including hydroformylation, carbonylation 
using metal carbonyl catalysts. 

A81a. English translation, "Carbon Monoxide in Organic Synthesis.” Springer Publ., 
New York (1970). 

A82. W. Foerst: “New Methods of Preparative Organic Chemistry”, Verlag Chemie, 
Weinheim/Academic Press, New York. Volume 6 (1971) contains: 

82.1 J. Falbe: Cyclisation reactions with carbon monoxide, pp. 181-210 (102). 

A83. C. N. R. Rao and J. R. Ferraro, eds., “Spectroscopy in Inorganic Chemistry.” 

Academic Press, New York, 1970. This book is mainly for inorganic chemists, but 
the following chapters mention some organometallic applications: 

83.1 K. G. Das: Mass spectroscopy, pp. 173-208 (102). 

83.2 A. Chakrovosty: High-resolution nuclear magnetic resonance, pp. 247-299 
(136). 

A84. L. H. Jones, "Inorganic Vibrational Spectroscopy,” volume 1. Dekker, New York, 
1971. Chapter 5: Metal carbonyls, pp. 141-161 (38). Discussion of carbonyl stretching 
frequencies, force constants, etc., for binary carbonyls. 

A85. K. Nakamoto, “Infrared Spectra of Inorganic and Coordination Compounds,” 2nd 
ed. Wiley (Interscience), New York, 1970. Section III (Coordination Compounds) 
contains sections on: 

III-7 Carbonyl, nitrosyl, and hydrido complexes, pp. 192-202. 

111-8 Complexes of molecular nitrogen and other gases, pp. 202-205. 

III-9 Complexes of phosphines and arsines, pp. 205-209 (174). 

111-13 Complexes containing metal-metal bonds, pp. 219-220 (8). 

III-24 Complexes of alkenes and alkynes, pp. 262-268. 

II1-25 Metal sandwich compounds, pp. 268-274 (78). 

A86. C. H. Bamford and C. F. H. Tipper, eds., “Comprehensive Chemical Kinetics.” 
Elsevier, Amsterdam. 

Volume 4 (1972), Decomposition of Inorganic and Organometallic Compounds, 
contains: 

86.1 S. J. W. Price: Decomposition of metal alkyls, aryls, carbonyls and nitrosyls, 
pp. 197-257 (156); see especially section 2, homogeneous decomposition of 
metal carbonyls, and section 3.1, homogeneous decomposition of metal alkyls 
and aryls (of Cu, Ag, Au). 

Volume 7 (1972), Reactions of Metallic Salts and Complexes and Organometallic 
Compounds, contains: 

86.2 C. H. Langford and M. Parris: Reactions of Inert Complexes and Metal Organic 
Compounds, pp. 1-52 (170); see especially sections 6 and 7, complexes with B 
class ligands: the binary carbonyls, and the substituted carbonyls. 


8. Reviews 

A list of important review articles appearing up to the end of 1971 is 
published in the Appendix. During the year, the following volumes of 
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hardcover collections of reviews appeared; the references are included in 
the Appendix. 

Bl. Advances in Inorganic and Radiochemistry, volume 13 (1971). 

B2. Progress in Inorganic Chemistry, ed. S. J. Lippard, volume 12(1970), ed. J. O. Edwards, 
volume 13 (1970); ed. S. J. Lippard, volume 14 (1971). 

B3. Advances in Organometallic Chemistry, volume 10 (1972). 

A43. Organometallic Reactions, eds. E. J. Becker and M. Tsutsui, Wiley, New York. This 
continuing series was listed in the previous article in Section A, but the opportunity 
has now been taken to transfer any relevant articles to the Appendix. 

F5. Preparative Inorganic Reactions, volumes 6 and 7 (1971), ed. W. L. Jolly. 

The review journal Fortschritte der Chemische Forschung has devoted two 
recent issues to organometallic topics. Volume 16, parts 3 and 4 surveys 
organometallic compounds in industry, and volume 25 is concerned with 
catalysis. Articles from these two compilations are listed in the Appendix. 

C. Primary Journals 

During the last year several new journals have appeared, in which papers 
of interest to organometallic chemists are published. Apart from the Journal 
of Coordination Chemistry, which deals with general aspects of the chemistry 
of complex compounds, vehicles for preliminary communication in the 
area of synthesis and structure determination have commenced. A detailed 
breakdown of these, and of the volumes of the Elsevier journals in organo¬ 
metallic chemistry are given. 

Journal of Organometallic Chemistry, volumes 26-33 (1971). 

Organometallic Chemistry Reviews, Series A, subject reviews volumes 6, 7 (1971). 
Organometallic Chemistry Reviews, Series B, annual surveys, volumes 7, 8 (1971); 9, 10 
C972). 

Organometallics in Chemical Synthesis, volume 1 (1970-1971). 

Journal of Coordination Chemistry, volume 1 (1971). Gordon & Breach, New York, 
commenced publication, August 1971. 

Journal of Crystal and Molecular Structure, volume 1 (1971), Plenum, New York. 
Synthetic Communications, volume 1 (1971). Dekker, New York. 

Crystal Structure Communications, volume 1 (1972). University of Parma. 

D. Abstracting journals 

There have been no further developments in this area, apart from the 
issue of the first indexes (to volume 71) of Chemical Abstracts, fully in¬ 
corporating Registry Numbers. 


E. Conferences 

The 23rd IUPAC Conference in Boston, Massachussetts, during July 
1971 contained a large section devoted to organometallic chemistry. The 
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plenary lectures delivered at this conference were published at the end of 
the year, with commendable speed, in six volumes. These consist of photo¬ 
graphically reproduced typescripts, and in one case a manuscript, often 
also with hand-written alterations. The major lectures of interest in the 
present context are collected in Volume 6, containing lectures given at the 
Sessions “Organotransition metal chemistry” and “Homogeneous catalysis” 
although others were also given in sections dealing with organic synthesis. 

Ell. Special Lectures delivered at the 23rd International Congress on Pure and Applied 
Chemistry, Boston, Mass., July 1971. Six volumes, published by Butterworth, 
London, 1971. 

Volume 2 contains: 

11.1 J. Tsuji: Organic synthesis by means of transition metal complexes, pp. 
107-119 (34). 

Volume 4 contains: 

11.2 P. S. Skell: Reactions of atoms: silicon and the high-boiling metals, Direct 
syntheses of organometallics, pp. 215-221 (10). 

11.3 J. K. Kochi: Oxidation of alkyl radicals by metal complexes, pp. 337-404 (44). 
Volume 6 contains: 

11.4 R. Mason: The chemical bond in organotransition metal complexes: present 
status of experiment and theory, pp. 31-60 (44). 

11.5 J. Lewis and R. S. Nyholm: Structure and reactions of metal complexes of 
chelate olefin ligands, pp. 61-99 (37). 

11.6 A. W. Johnson: Transition metal complexes of macrocyclic ligands, pp. 
101-132 (83). 

11.7 D. Seyferth, J. E. Hallgren, R. J. Spohn, A. T. Wehman, and G. H. Williams, 
The chemistry of alkylidene tricobalt nonacarbonyl and acetylenedicobalt 
hexacarbonyl complexes, pp. 133-149 (41). 

11.8 C. G. Kreiter and E. O. Fischer: Transition metal carbene complexes: new 
spectroscopic and preparative results, pp. 151-168 (45). 

11.9 G. P. Chiusoli: Catalysis of some insertion reactions by nickel complexes, 
pp. 169-199 (31). 

11.10 A. Miyake, H. Kondo, M. Nishino, and S. Tokizane: Catalytic formation of 
macrocyclic polyenes from butadiene, pp. 201-211 (13). 

11.11 D. G. H. Ballard: Polymerisation by homogeneous transition metal alkyl 
compounds, pp. 213-264 (25). 

11.12 H. Bonnemann, C. Girard, W. Kopp, and G. Wilke: Homogeneous reactions 
catalysed by Group VIII metal systems, pp. 265-296 (25). 

Proceedings of other international conferences which have been published 
include the 13th Coordination Chemistry Conference, and the 5th Organo- 
metallic Chemistry Conference. 

El.13 13 ICCC, Cracow-Zakopane, Sept. 1970. The plenary lectures are collected 
in Pure Appl. Chem. 27, 1-164 (1971). 

E2.5 5 ICOMC, Moscow, Aug. 1971. The plenary lectures are collected in Pure 

Appl. Chem. 30, No. 3^1 (1972). 
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Some published proceedings of earlier conferences were omitted from the previous 
article, and relevant details are appended below: 

El 2. Proceedings of the International Symposium on the Decomposition of Organo- 
metallics to Refractory Ceramics, Metals, and Metal Alloys, ed. K. S. Masdiyasni, 
University of Dayton Press, Dayton, Ohio, 1968. 

12.1 R. B. King: 7r-Cyclopentadienylmolybdenum carbonyl derivatives, pp. 225- 
248. 

E13. Proceedings of the 3rd International Congress on Catalysis, ed. W. M. H. Sachter, 
G. C. A. Schmitt, and P. Zwietering, North-Holland Publ., Amsterdam, 1965. Two 
volumes. Contains: 

13.1 R. S. Nyholm: Structure and reactivity of transition metal complexes, pp. 
25-87 (79). 

13.2 J. Halpern: Developments in homogeneous catalysis [using ruthenium 
complexes], pp. 146-162 (65). 

El 4. Homogeneous catalysis with special reference to hydrogenation and oxidation. 
Proceedings of a conference, Liverpool, September, 1968, published as Disc. 
Faraday Soc. No. 46 . 

E15. W. O. George, ed., “Spectroscopic Methods in Organometallic Chemistry.” 
Butterworths, London, 1970. Proceedings of a conference, Kingston College of 
Technology, July, 1969. Previously listed as A42. 

15.1 A. J. Downs: Vibrational spectroscopy, pp. 1-32 (58). 

15.2 T. C. Gibb: Mijssbauer spectroscopy, pp. 33-60 (22). 

15.3 W, McFarlane: Nuclear magnetic Resonance, pp. 61-94 (51). 

15.4 T. R. Spalding: Mass spectrometry, pp. 95-133 (86). 

15.5 P. B. Ayscough: Electron spin resonance, pp. 134-177 (25). 

15.6 P. G. Perkins: Electronic spectroscopy, pp. 178-193 (16). 

15.7 Abstracts of 11 research papers, pp. 194-209. 

Reports of conferences organized by the New York Academy of Sciences 
are published in the Annals, and several of these contain either original 
contributions or review articles concerned with aspects of organo-transition 
metal chemistry. 

E16. Annals of the New York Academy of Sciences. Since volume 100, contributions 
relevant to organo-transition metal chemistry have appeared in: 

16.1 Vitamin Bn coenzymes, Ann. N.Y. Acad. Sci. 112 , 547-921 (1964). I. 
Chemistry, chemical synthesis and biosynthesis of corrin coenzymes; II. En¬ 
zymic roles of cobinamide coenzymes; III. B 12-coenzymes in micro-organisms 
and animals. 

16.2 Industrial synthesis and applications of organometallics, Ann. N.Y. Acad. 
Sci. 125 , 1-248 (1965). 

16.3 Mass spectroscopy of organometallic compounds, Ann. N.Y. Acad Sci. 
136 , 95-122 (1966). 

16.4 Purification of materials, Ann. N.Y. Acad. Sci. 137, 1-402 (1966). Includes 
articles on organometallics as preparative intermediates. 

16.5 Catalytic hydrogenation and analogous pressure reactions, Ann. N.Y. Acad. 
Sci. 145 , 1-206 (1967). Role of metal carbonyls, etc. 
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16.6 Prospectives of 7r-interactions in biological systems, Ann. N.Y. Acad. Sci. 

153, 1-388 (1969). Interesting speculations on the existence of w-complexes 
in biochemical reactions. 

16.7 2nd Conference on catalytic hydrogenation and analogous pressure reactions, 
Ann. N.Y. Acad. Sci. 158, 439-588 (1969). Hydrogenation via complex 
catalysts; cobalamin and cobaloxime chemistry. 

16.8 Redistribution reactions in chemistry, Ann. N.Y. Acad. Sci. 159,1-334 (1969). 
Transition metal compounds feature in one paper only. 

16.9 3rd Conference on catalytic hydrogenation and analogous pressure reactions, 
Ann. N.Y. Acad. Sci. 172, 151-276 (1970). Catalysis by coordination com¬ 
plexes. 

16.10 Homogeneous catalysis, Ann. N.Y. Acad. Sci. 172, 479-569 (1971). 


F. Synthesis 

Last year saw the publication of an extremely useful book on synthetic 
techniques applicable to both inorganic and organometallic chemistry. 

F13. W. L. Jolly, “The Synthesis and Characterisation of Inorganic Compounds.” 
Prentice-Hall, Englewood Cliffs, New Jersey, 1970. A very useful text, covering the 
principles of synthesis of inorganic compounds, many of which can be extrapolated to 
organometallics. Contains chapters on: synthetic principles, synthetic techniques, 
compound characterisation, synthesis. 

FI. "Inorganic Syntheses,” vol. 13, ed. F. A. Cotton (1971). 


G. Data Compilations 

The formula index to Dub’s Organometallic Compounds is now available. 

Gl. M. Dub and R. W. Weiss, eds., “Organometallic Compounds.” Springer, Berlin. 
Second edition, covering the literature 1937-1964. Vol. 1: Compounds of the transi¬ 
tion metals (1966); vol. 2, Compounds of germanium, tin and lead (1967); vol. 3, 
Compounds of arsenic, antimony, and bismuth (1968); Formula index (1970). 

In volumes supplementary to its main coverage of the chemistry of 
elements other than carbon, the Gmelin Institute has issued summaries of 
organo-vanadium and -chromium compounds in which the literature is 
covered to the end of 1970, and in some cases for chromium, to the end of 
January 1971. These volumes represent a departure from the usual policy 
of ignoring organic ligands followed by the Gmelin Institute, although the 
volume on Ruthenium (System No. 63) was the first to contain a treatment 
of organo-metallics in general for an element. The treatment is exhaustive, 
classified by ligand in terms of the number of carbon atoms attached to the 
metal. 
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G6. “Gmelin’s Handbuch der anorganischen Chemie,” 8th ed., Gmelin-Institut 
Verlag Chemie, Weinheim. 

6.1 Main Supplement, vol. 2: Vanadium-Organische Verbindungen; vol. 3: 
Chrom-Organische Verbindungen. Published together, 1971. 

6.2 Ruthenium (system No. 63, Supplement volume), 1970. 

All volumes published since 1957 have contained detailed indices, and 
numerous subheadings in English. 


1. M. I. Bruce, Advan. Organometal. Chem. 10, 273 (1972). 


Appendix* 

As in the previous article, this Appendix collects and classifies some 100 review articles 
which have appeared to the end of 1971, together with some earlier ones which were omitted. 
The same classification scheme has been used, and the reference numbers follow. Two extra 
headings have been added: 

44. Carbene complexes 

45. Optical activity in organometallic complexes 


A separate author index to the Appendix can be found on p. 496. 



Ref. 

No. 

Authors 

Reference 

Title 

No. of pages 

(No. of ref.) Comments 
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1. Hist 

orical and biographical 







1.17 

J. C. Bailar 

Pure Appl. Chem. 27, 

The development of transition 

21 


Plenary lecture, 13 ICCC; pp. 




1 (1971) 

metal chemistry in the United 

(150) 

11-16,highlightsorganometallics, 





States of America 



metal-metal bonds, complexes of 








n 2 ,o 2 


1.18 

A. N. Nesmeyanov 

Advan. Organometal 

My way in organometallic chemistry 

78 


Autobiographical 




Chem. 10,1 (1972) 


(455) 



1.19 

V. I. Spitsyn 

Pure Appl. Chem. 27, 

The development of coordination 

33 


Plenary lecture, 13 ICCC; pp- 




193 (1971). 

chemistry in the Soviet Union 

(148) 

214-217, organoelement com¬ 








pounds 

Z 

2. Revi 

•etos of a general nature 






“ 

2.22 

N. A. Belozerskii and 

Probl. Sovrem. Khim. 

Practical use of carbonyl and other 

8 


Russ. Industrial applications 

c 


O. D. Krichevskaya 

Koord. Soedin. No. 

coordination compounds 

(37) 


o 



3, 246 (1970) 






2.23 

F. G. A. Stone 

Nature ( London) 

Perspectives in organometallic 

6 






232, 534 (1971) 

chemistry 

(62) 



2.24 

T. Yanagisawa, 

Sekiyu To Sekiyu 

Ferrocene as a combustion additive; 

6 


Japan. 



T. Endo, and 

Kagaku 14 (12), 

use as an antiknock and smoke 

(30) 




T. Iwasaki 

98 (1970) 

reducfng agent 





4. Orgc 

mo-element chemistry 







4.39 

R. G. Hayes and 

Organometal. Chem. 

Organometallic compounds of the 

50 


Covers period 1964—1970 



J. L. Thomas 

Rev. Sect. A 7, 

lanthanides and actinides 

(94) 




1(1971) 

Larsen Advan. Inorg. Chem. Zirconium and hafnium chemistry 133 Section III: compounds 

Radiochem. 13,1 (611) containing metal-carbon bonds 

(1970) 


1.40 E. M. 



4.41 

B. R. James 

Inorg. Chim. Acta 

Rev. 4 , 73 (1970) 

Homogeneous catalysis by ruthe¬ 
nium complexes 

23 

(300) 


4.42 

J. Halpem 

Chem. Eng. News, 

44 (44), 68 (1966) 

Coordination chemistry and homo¬ 
geneous catalysis 

8 

(8) 

Ruthenium complexes 

4.43 

R. F. Heck 

Fortschr. Chem. 

Forsch. 16 , 221 
(1971) 

Addition-elimination reactions of 
palladium compounds with olefins 

22 

(40) 


4.44 

I. Kuwajima 

Yuki Gosei Kagaku 
Kyokai Shi 29 , 

616 (1971) 

Dialkylcopperlithium 

4 

(23) 

Japan. Preparation and properties 

4.45 

C. Blomberg 

Chem. Tech. 

( Amsterdam ) 25 , 

837 (1970) 

Organosilver chemistry 

2 

(21) 


4.46 

L. A. Paquette 

Accounts Chem. Res. 

4 , 280 (1971) 

Catalysis of strained bond re¬ 
arrangements by silver(I) ion 

8 

(43) 


4.37 

B. Armer and 

H. Schmidbaur 

Angew. Chem. 82 , 120 
(1970); Angew. 
Chem. Int. Ed. 

Engl. 9 , 101 (1970); 
Usp. Khim. 40, 

1211 (1971) 

The chemistry of organogold com¬ 
pounds 

13 

(94) 

Russ, translation 

4.47 B. F. G. Johnson 

5. Metal Carbonyls 

Gold Bull. 4 , 9(1971) 

The chemistry of gold 

3 

Recent advances in complex and 
organometallic chemistry 

5.13 

J. G. Ameen and 

H. F. Durfee 

J. Chem. Educ. 48 , 

372 (1971) 

The structure of metal carbonyls 

4 

(10) 


5.14 

R. R. Ford 

Advan. Calal. 21 , 51 
(1970) 

Carbon monoxide absorption on the 
transition metals 

100 

(212) 

Surface adsorption 

5.15 

J. Grobe 

Chem. Unserer Zeit 

5, 50 (1971) 

Metal carbonyls 

7 

(4) 

Structure, synthesis, catalytic 
applications 

5.16 

W. Hieber, R. Nast, 
and J. Sedlmeier 

Angew. Chem. 64 , 

465 (1952) 

Results of recent research in the 
field of metal carbonyls 

6 

(46) 
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7. Metal carbonyl anions 


7.4 

R. B. King 

Trans. N.Y. Acad. 

Metal carbonyl anions 

6 





Sci. 28, 889 (1966) 


(20) 



7.5 

R. B. King 

Accounts Chem. Res. 

Some applications of metal carbonyl 

11 





3, 417 (1970) 

anions in the synthesis of unusual 
organometallic compounds 

(75) 



9. Metal carbonyl hydrides and halides 





9.10 

J. Chatt 

Proc. Chem. Soc. 318 

Hydrido- and related organo- 

9 

Chemical Society Tilden lecture 




(1962) 

complexes of transition metals 

(16) 



9.11 

B. D. James 

Rec. Chem. Progr. 

Recent developments in the in¬ 

11 


3 



31,199 (1970) 

organic chemistry of metal com¬ 

(54) 


— 




plex hydrides 



UJ 

9.12 

R. Colton 

Coord. Chem. Rev. 6, 

Steric effects in substituted halo- 

16 

Complexes with chelating bis- 

c 



269 (1971) 

carbonyls of molybdenum and 
tungsten 

(29) 

phosphines and -arsines 

m 

10. Complexes containing bonds between Transition Metals and Main Group Metals 




10.9 

U. Belluco, 

Inorg. Chim. Acta 

Complexes of platinum(II) with 

33 




G. Deganello, 

R. Pietropaolo, and 
P. Uguagliati 

Rev. 4, 7 (1970) 

Group IV donor ligands 

(149) 



10.10 

E. H. Brooks and 

Organometal. Chem. 

Group IVB metal derivatives of the 

56 




R. J. Cross 

Rev. Sect. A 6, 

227 (1970) 

transition metals 

(209) 



10.11 

C. H. van Dyke 

Prep. Inorg. React. 

Inorganic derivatives of germane 

76 

Pp. 215-218: germyl-transition 




6, 157 (1971) 

and digermane 

(201) 

metal derivatives 


10.12 

C. H. Yoder and 

Prep. Inorg. React. 

Heterocyclic compounds of the 

75 

Pp. 142-145: Group IV-transition 



J. J. Zuckerman 

6, 81 (1971) 

Group IV elements 

(390) 

metal bonds 




11. Compounds containing bonds between transition metals (including cluster compounds) 



11.14 

F. A. Cotton 

Rev. Pure Appl. 

Quadruple bonds and other multiple 

16 




Chem. 17, 25 
(1967) 

metal-to-metal bonds 

(26) 


11.15 

F. A. Cotton 

Accounts Chem. Res. 

Strong homonuclear metal-metal 

8 




2,240(1969) 

bonds 

(49) 


11.16 

R. D. Johnston 

Advan. Inorg. Chem. 

Transition metal clusters with n- 

63 




Radiochem. 13, 

471 (1970) 

acid ligands 

(386) 


11.17 

K. Krogmann 

Angew. Chem. 81,10 

Planar complexes containing metal- 

8 




(1969); Angew. 
Chem. Ini. Ed. 

Engl. 8, 35 (1969) 

metal bonds 

(50) 


11.18 

G. Palyi, 

Inorg. Chim. Acta 

Methinyltricobalt enneacarbonyl 

13 

Last 10 years work on YCCo 3 (CO)»; 


F. Piacenti, and 

Rev. 4, 109 (1970) 

compounds: preparation, struc¬ 

(94) 

39 complexes listed 


L. Marko 


ture and properties 



13. Lewis Base complexes—Group V donor atoms 




13.6 

M. Kilner 

Advan. Organometal. 

Nitrogen groups in metal carbonyls 

84 




Chem. 10,115 
(1972) 

and related complexes 

(471) 


13.7 

J. F. Nixon 

Advan. Inorg. Chem. 

Recent progress in the chemistry of 

110 

Esp. pp. 410—439, 449-460: transi¬ 



Radiochem. 13, 

363 (1970) 

fluorophosphines 

(326) 

tion metal derivatives 

13.8 

S. Trofimenko 

Accounts Chem. Res. 

Polypyrazolylborates, a new class of 

6 




4,17 (1971) 

ligands 

(37) 


13.9 

L. M. Venanzi 

Angew. Chem. 76, 

Complexes of tetradentate ligands 

8 




689 (1964); Angew. 

containing phosphorus and 

(27) 




Chem. Int. Ed. 

Engl. 3, 453 (1964) 

arsenic 



13.10 

L. M. Venanzi 

Advan. Chem. Ser. 

Hydrido complexes of platinum 

8 

Containing polydentate ligands 



98, 66 (1971) 

metals 

(45) 
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14. Lewis Base complexes—Group VI donor atoms 





14.8 

R. Eisenberg 

Progr. Inorg. Chem. 

Structural systematics of 1,1- and 

75 





12, 295 (1970) 

1,2-dithiolato chelates 

(173) 



14.9 

E. Hoyer, 

Z. Chem. 11,41 

Dithiolene chelates 

13 




W. Dietzsch, and 

W. Schroth 

(1971) 


(194) 



14.10 

E. Uhlemann, 

Z. Chem. 11, 401 

Synthesis, coordination chemistry 

9 




H. Muller, and 

(1971) 

and analytical uses of monothio- 

(90) 




P. Thomas 


0-diketones 




14.11 

G. Vitzhum and 

Angew. Chem. 83, 

Sulphinato complexes 

12 




E. Lindner 

315 (1971); 

Angew. Chem. Int. 
Ed. Engl. 10, 315 
(1971) 


(128) 



15. Metal-carbon o-bonds 






15.22 

G. B. Deacon 

Organometal. Chem. 

Syntheses of organometallic com¬ 

18 





Rev Sect. A 5, 

355 (1970) 

pounds by thermal decarboxyla- 

(69) 



15.23 

H. J. de Liefde Meijer 

Inorg. Chim. Acta 4, 

Alkyl, aryl and allyl complexes of 

5 

Derivatii 

res of (tr-CsHshM 


and F. Jellinek 

651 (1970) 

some metallocenes 

(43) 

(M = Ti, 

Zr, V, Nb) 

16. Fluorocarbon complexes 






16.13 

C. Tamborski 

Trans. N.Y. Acad. 

Perfluoro-organometallic com- 

10 





Sci. 28, 601 (1966) 

pounds 

(30) 



18. Hydrocarbon rr-complexes—general reviews 





18.7 

A. Z. Rubezhov and 

Advan. Organometal. 

Ligand substitution in transition 

71 




S. P. Gubin 

Chem. 10,347 
(1972) 

metal ir-complexes 

(290) 





19. Hydrocarbon n-complexes—olefins and acetylenes 


19.19 

G. Marr and 

Educ. Chem. 8, 13 

Alkene and alkyne complexes of 

4 



B. W. Rockett 

(1971) 

transition metals 

(8) 


19.20 

J. H. Nelson and 

Coord. Chem. Rev. 

Mono-olefin and acetylene com¬ 

37 



H. B. Jonassen 

6, 27 (1971) 

plexes of nickel, palladium and 
platinum 

(230) 


19.21 

R. S. Nyholm 

Pure Appl. Chem. 

Synthesis, structure and reactions 

18 

Plenary lecture, 13 ICCC 



27, 127(1971) 

of chelate metal-olefin complexes 

(17) 


22. Hydrocarbon n-complexes—cyclopentadienyl and arene 



22.14 

M. Hlevca and 

Rev. Fiz. Chim., 

Cyclopentadienyl metal compounds 

8 

Rom. 


I. Jitaru 

Ser. A 7, 321 (1970) 


(15) 


22.15 

P. M. Maitlis 

Trans. N.Y. Acad. 

Chemistry of some novel rhodium 

10 

Pentamethylcyclopentadienyl 



Sci. 33, 87 (1971) 

and iridium complexes 

(19) 

derivatives 

22.16 

M. Tsutsui 

Z. Chem. 3, 215 

The significance of Hein’s n- 

7 

Bis-arene-chromiums 



(1963) 

complexes. rr-Radical hybridisa- 

(33) 


24. Fluxional organometallic molecules 




24.4 

K. Vrieze and 

Progr. Inorg. Chem. 

Studies of dynamic organometallic 

63 



P. W. N. M. 

14, 1 (1971) 

compounds of the transition 

(181) 



van Leeuwen 


metals by means of nuclear mag¬ 






netic resonance 



25. Organic chemistry of metallocenes 




25.43 

H. Imai 

Kagaku (Kyoto) 25, 

Chemistry of ferrocenes. IV 

14 

Japan. Acylated and halogenated 



978 (1970) 


(33) 

derivatives. See 25.8 

25.44 

I. Motoyama and 

Yuki Gosei Kagaku 

Recent developments in the chemi¬ 

21 

Japan. Progress after 1965 


M. Sato 

Kyokai Shi 29, 
664(1971) 

stry of metallocenes 

(227) 


25.45 

E. W. Neuse and 

J. Macromol. Sci., 

Metallocene polymers 

145 



H. Rosenberg 

Rev. Macromol. 


(297) 
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25.46 C. U. Pittman 

Chem. Tech. {Washing¬ 
ton) 416 (1971) 

Organic polymers containing transi¬ 
tion metals 

8 

(35) 

Ferrocene, cymantrene, etc. 

25.47 D. W. Slocum and 

Organometal. Chem. 

Metallocene homoannular elect- 

17 


C. R. Ernst 

Rev. Sect. A 6, 

337 (1970) 

ronic effects 

(42) 


25.48 D. W. Slocum and 

Advan. Organometal. 

Electronic effects in metallocenes 

36 


C. R. Ernst 

Chem. 10, 79 
(1972) 

and certain related systems 

(83) 


26. Metallocarborane complexes 

26.6 F. R. Scholer and 

Prep. Inorg. React. 

Polyhedral boranes and heteroatom 

92 

Esp. pp. 75-85: Polyhedral boranes 

L. J. Todd 

7, 1 (1971) 

boranes 

(237) 

containing a transition metal in 

27. Kinetics and mechanisms 

27.9 M. D. Johnson 

Ret. Chem. Progr. 

31,143 (1970) 

The mechanism of reaction of elec¬ 
trophiles with some a-bonded 
organotransition ions 

12 

(25) 


27.10 R. G. Pearson 

Accounts Chem. Res. 
4,152 (1971) 

Symmetry rules for chemical reac- 

9 

(20) 


27.11 R. G. Pearson 

Pure Appl. Chem. 

27, 145 (1971) 

Orbital symmetry rules and the 
mechanism of inorganic reactions 

16 

(25) 

Plenary lecture, 13 ICCC 

27.12 M. Tsutsui Ann. N.Y. Acad. Sci. 

93, 133 (1961) 

28. Organic synthesis via organometallics 

jr-Complex mechanism of catalysis: 
the aryl-coupling reaction 

14 

(16) 


28.36 B. F. G. Johnson 

Platinum Metals Rev. 
15, 60 (1971) 

The platinum metals in organic 
synthesis 

8 

Organometallic complexes as pre¬ 
parative reagents 



28.37 C. Nieto de Castro, Tecrtica (Lisbon ) 33 Introduction to the study of transi- 9 Port. Reactions of ferrocene Job- 

M. J. Calhorda, and (403), 157 (1970) tion metal complexes and their (3) Cassal reaction 

V. M. Soares use in organic synthesis 

28.38 M. Ryang, J. Tsuji, Kagaku No Ryoiki, Carbonylation and related reactions 46 Japan. 
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